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ABSTRACT 


12 3 4 

A series of hybrid fluorochemicals of general structure R R R CR , was 
prepared where the R^'s (i=l,2,3) is a saturated fluoroalkyl group of formula 

4 

^n^2n+l’ ^ alkyl group or a related moiety containing 

amino, ether or ester functions but no CF bonds. Such compounds, except for a 
few isolated examples, have been unknown and none have been tested for tox- 
icity or their physical properties systematically studied. We proposed that 
compounds of this class containing approximately eight to twenty carbons total 
would have physical properties suitable for use as the oxygen carrying phase 
of fluorochemical emulsion artificial blood, and that there was reason to hope 
for low toxicity. The program included the chemical synthesis, and physical 
and biological testing of pure single isomers of the proposed artificial blood 
candidate compounds. 

Results of the work include: (a) the successful synthesis of several 

candidate compounds, i.e., compounds with acceptable physical properties; (b) 
preliminary toxicity results indicating that at least two of these are non- 
toxic, contrary to the previous belief that significant hydrogen content 
necessitates toxicity; and (c) the development of a method for predicting 
vapor pressure and oxygen solubility from chemical structure alone, to guide 
the synthetic efforts in the most fruitful direction. Much of the effort was 
devoted to synthesis of chemical intermediates and development of testing 
methodology. 
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SECTION I 


INTRODUCTION 

This report contains the results from the second year's work on Synthesis 
and Biological Screening of Novel Hybrid Fluorocarbon Hydrocarbon Compounds 
for Use as Artificial Blood Substitutes and summarizes and draws conclusions 
about the results of both years of the contract. 

Previous work in this field relied entirely on perf luorinated organic 
materials, (in which aU^ hydrogen has been replaced by fluorine) because of 
the high toxicity observed for the few partially fluorinated materials which 
had been tested. We had proposed that the separation of perf luoroalkyl 
groups, viz. , and a hydrogen-containing group R by a quaternary 

carbon would eliminate or greatly reduce the toxicity hitherto associated with 
hydrogen and fluorine in the same molecule. Only a very few examples of the 
proposed class of hybrid f luorochemicals were known; none had been tested for 
biological properties, and none of the known ones appeared to have vapor 
pressures in the required range. The objective of our research was to demon- 
strate that the proposed hybrid compounds could in fact be synthesized, that 
they would be non-toxic, and that they would have physical properties, es- 
pecially vapor pressures and oxygen solubilities, suitable for application in 
artificial blood. 

A further hypothesis was that the toxicity of the new compounds could be 
evaluated via i ntraperitoneal testing in mice, avoiding the necessity of 
preparing adequately stable, fine-particle emulsions for intravenous adminis- 
tration. The literature contained indications that some materials were "toxic" 
when adrainisteted intravenously as coarse emulsions but "nontoxic" as fine 
emulsions, and the necessity of measuring the particle size distributions in 
each emulsion appeared to add greatly to the time and cost of biological 
testing. 

In the realm of chemical synthesis, we clearly demonstrated that a sub- 
stantial variety of the proposed "hybrid" fluorochemicals could be prepared 
and did possess acceptable physical properties. Though time did not permit a 


1-1 



careful study of initially unpromising synthetic reactions, indications were 
that alkylation of the intermediate carbanions is successful only when the 
carbanion is relatively unhindered. Thus, a series of hybrid alkanes and 
ethers derived from octafluoroisobutene (1) and F-2-metnyl-2“pentene (II) were 
both prepared in good yield, but no similar hybrid compounds could be prepared 
from the mixed trimers of hexafluoropropene (III). 

CF, = ^ * F ^ (CFJ,C 

^ ^CF, ^ ^ 

1 ^ 


CF3CF2CF = C ^ + F" ►CF3CF2CF2(CF3)2C" 


CF-. /CF(CFJ„ 

^ + [(CF3)2CF]2C=CFCF3 + F C2F5I (CF3)2CF]2C 

3 2 5 

III 


Because of the vital importance of emulsion technology to this program, 
work at JPL and the Rockwell Science Center was done to give a preliminary 
physical-chemical interpretation of the interactions of surfactants with 
fluorocarbons to provide a future basis for developing quantitative criteria 
for emulsion stability. 

During this effort, computational procedures were developed to calculate 
the oxygen solubility and vapor pressure of candidate hybrid materials from 
just the structural chemical formulas. This allowed screening compounds 
before they were synthesized, so that they would come close to meeting the 
oxygen solubility and vapor pressure criteria, i.e., oxygen solubility of 35 
cc or more for 100 cc of material and a vapor pressure below 50 mm at 37®C. 
From solution theory concepts it is estimated that the maximum oxygen solu- 
bility will not be more than about 63 cc 0^/100 cc for any organic liquid with 
a vapor pressure < 50 mm. Copies of papers addressing this subject are in- 
cluded in Appendixes B and C. 



This study demonstrates that the proposed intraperitoneal route of admin- 
istration does in fact lead to rapid body absorption of fluorochemicals with 
molecular weights up to 666, provided that the fluorochemicals are admin- 
istered as coarse emulsions rather than as neat liquids. When so adminis- 
tered, the fluorochemicals are rapidly absorbed and taken up by the liver and 
spleen, much like the absorption pattern previously found for intravenous 
administration. Subsequent elimination from the initial depots via expiration 
also appears very similar to previous observations based on intravenous admin- 
istration, based on the limited data on excretion rate. The intraperitoneal 
test protocol now appears to be the method of choice for preliminary ^ vivo 
toxicity screening of new fluorochemicals. 

On the key point of toxicity of the proposed hybrid fluorochemicals, the 
project has been a qualified success: out of the thirty-odd candidate com- 

pounds synthesized to date, three were found to be nontoxic in the mouse 
screen. Several others were nontoxic or of very low toxicity in a tissue 
culture test performed by Dr. R. P. Geyer, but failed in the mouse screen. 
The nontoxic compounds and examples of toxic ones are 

n = 2, AB - 14; n = 3, AB - 6 
CF2CF2CF2(CF3)2CCH2CH2C(CF3)2CF2CF2CF3, AB - 32 
Toxic: 

rapidly toxic (CF 2 )^C 0 H 

CF3CF2CF2(CFj)2COH 

(CF^)3CCH2C02C2H5 ; CF^CF2CF2(CF3)2CCH2C02C2H^ 

Slowly toxic: 

CF3CF2CF2(CF3)2C-0R 

CF3CF2CF2(CF3)2C-». 

« = ^n«2n.r 

Although the scope of this work did not include a search for possible 
metabolites, the pattern of toxicity suggests that AB-6, AB-14, and AB-32 all 
resist metabolic attack because the carbon-hydrogen bonds of the alkyl moiety 
are well-shielded by bulky perf luoroalkyl groups at both ends , whereas the 
toxic examples are either already in an oxidized state (the alcohol and es- 
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ters) or else possess a hydrocarbon chain relatively exposed to enzynatic 
attack. The hope that compounds such as (CF^)^CCH2C02C2H^ might be nontoxic 
was initially based on reports that similar hydrocarbon acids, such as 
(CH^)^CCOOH, are not metabolized and are excreted unchanged, but in fact the 
high doses required for artificial blood applications may make comparisons 
with all such previous work invalid. A summary of salient results and the 
physical and biological properties of the three candidate blood substitute 
compounds AB*6, AB-14, and AB-32 follows. 
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SECTION II 


TEST AND EVALUATION SUMMARIES FOR THREE BEST COMPOUNDS 
A. INIKODUCTION 

The three nontoxic compounds synthesized under this program were: AB~6, 
AB-14, and AB-32. To summarize, these three nontoxic compounds, considered as 
candidates for further testing, were found to havt.- been readily absorbed from 
the peritoneum; they produced no gross longterm toxicity; they showed moderate 
histopathological changes, in most tissues, but usually marked changes in the 
spleen; and they were eliminated from the body at reasonable rates. Only 
limited pharmacokinetics could be done on these three FCCs due to the small 
amounts of available compounds. These three FCCs, along with JPL-AB-13, 
deserve further detailed investigation with continuation of pharmacokinetic 
studies and eventual exchange transfusions in rats. 

On April 13, 1978, at Atlantic City, New Jersey, a group of representa- 
tives from the current fluorocarbon project met to discuss the best candidate 
compounds for continued production in a new initiative. Several members of 
the group felt that they were not ready at this time to declare specific 
compounds. Rather, time was spent in developing a list of criteria by which 
the best compounds would be judged. These criteria are as follows: 

1. Oxygen solubility. 

Oxygen solubility should be in the range of 35 to 50 volume percent. 

2. Toxicity. 

Toxicity should be judged by tissue culture and animal injection of th? 
unmodified material (animal injection would be intraperitoneal) . Intravenous 
replacement studies, in the form of an emulsion, may be done, but rigorous 
data with this type of testing would not be required. 

3. Dwell time. 

No quantitative measures were agreed upon, but it was thought that a 
minimal residual amount should be present after one year. 

4. The compound should not be metabolized. 

5 Emulsion stability. 

a. Use of a nontoxic stabilizer should be possible. 

b. The material should form a nontoxic emulsion when given intra- 
venously. 
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c. The enulsion should be stable on the shelf for one to two months and 
for a short period of time (several hours) when mixed with physiological 
solutions. 

6. Vapor pressure. 

The vapor pressure of the compound should be of such a value that it does 
not interfere with the respiratory function of the recipient. 

7. The compound must have been successfully synthesized and large-scale 
production should be practical. 

B. CANDIDATE HYBRID FLUOROCARBON ARTIFICAL BLOOD COMPOUND JPL-AB-6 

1 , 3-bis (NONAFLUORO-t-BUTYL)PROPANE^ 

(CF3)3C-(CH2)3-C(CF3)3 

CjjHbFjg (MW =480.13) 

Glass-like prism from isethanol 
Melting point 32® C 

SUMMARY^ 

1. Oxygen Solubility 

Calculated: 36.7 cm^ O 2 /IOO cm^ of JPL -AB-6 at 25® C 

Found: 35.8 cm^ O 2 /IOO cm^ of JPL -AB-6 at 25® C 

2. Toxicity 

a. Tissue Culture. Studies by Professor Geyer at Harvard Medical 
School indicate that JPL-AB-6 was nontoxic in his tissue culture method. 

b. Animal Studies. Following UBTL's Mouse Toxicity Test Protocol (see 
Appendix A), three mice were injected i.p. (intraperitoneally) with JPL-AB-6 
emulsion (100 ml of 20% v/v emulsion/kg of animal weight) and showed no immedi- 
ate effects that differed from the controls. One mouse was sacrificed at 24 
hours for Absorption Verification Studies (AVS) and prepared for histopath- 
ology studies. Peritoneal recovery of FC from this mouse was 27%; histopath- 
ology studies showed essentially normal tissue patterns with only mild conges- 
tion. (The other two mice survived for one week and were then lost through a 
technician error.) 


The lUPAC name is 2, 2, 6, 6 - tetrakis(trif luoromethyl) 1,1,1,7,7,7-hexa- 
fluoroheptane. 

Data presented in the format suggested by NIH/NHLBI memo April 14, 1978 
per meeting Atlantic City 4-15-78. 
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With these screening results, JPL-A6-6 was considered to be a promising 
candidate and following resynthesis, three more mice were studied. Again, one 
mouse was sacrificed at 24 hours for absorption verification and peritoneal 
wash. The other two mice were used for the two week Mouse Toxicity Study and 
survived without significant distress. One of these mice was sacrificed for 
histopathology studies which showed a "toxic" effect upon the liver with 
swollen vacuolated liver cord cells and clumped chromatin. The spleen showed 
focal areas of histiocyte response. The overall impression was that these 
changes were related to phagocytosis and the clearing mechanism of the body. 

Fluoride ion was 2 to 3 ppm for the neat and 4 to 6 ppm for the sonicated 
emulsion. 

In this study good stability was observed in the JPL-AB-6 material from 
the limited data available (see Table 2-1). 

3. Dwell Time 

Further resynthesis of JPL-AB-6 yielded 15.3 grams of JPL-AB-6 for more 
complete testing in a larger group of mice. A summary of the mice dosed with 
this FC (fluorochemical) is shown in Table 2-1, and a description of the table 
follows. 

Three mice were injected intraperitoneally with the emulsion for the 24 
hours Absorption Verification Study. These lived, but were sacrificed at 24 
hours for G. C. assay of the peritoneal wash. Table 2-2 indicates that 
(through recovery) approximately 95% of the fluorocarbon was absorbed in 24 
hours. This fast rate of absorption ensures that the mouse is exposed to the 
full dose physiologically. 

Five mice were injected intraperitoneally with the emulsion for the two 
week Mouse Toxicity Screen (MTS). One mouse died on the second day, quiet and 
sick. The other four remained alive and well along with the controls and were 
sacrificed at two weeks according to the two-week Mouse Toxicity Screening 
Protocol. Two mice were preserved for a histopathology examination after 
their peritoneal wash. Recovery of JPL-AB-6 residues from the peritoneal 
washes and selected organ tissues of the remaining mice are shown in Table 
2-3. 

These data indicate that essentially all of the fluorocarbon has been 
absorbed and that approximately 80% of it has been eliminated from the body 
during the 14 days post-injection. This fluorocarbon compound appears to be 
similar to the FC-47 (perf luorotributylamine) in its initial distribution with 
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the spleen and liver scavenging most of the emulsion. These data are very 
encouraging because they indicate a reasonable rate of excretion of the com- 
pound. Its duration (in mice) is long enough to be effective as a blood 
replacement component, yet it appears to be excreted from the body in a rea- 
sonable period of time. 

4. Metabolized Forms of JPL-AB-6 

No metabolized form has been observed to date; further work should be 
done in this topic area. 

5. Emulsion Stability 

This compound exhibits relative stabiity as an emulsified system suitable 
for intraperitoneal injection. Pleuronic F-68 is apparently an adequate 
stabilizer exhibiting no obvious serious toxic effects. However, in-depth 
emulsification studies remain to be done and will become important when blood 
replacement studies are to be considered, 
b. Shelf-Life Studies 

During the screening studies done in the first year, a trend was noted 
with some compounds that suggested the possibility that some new FCs may 
become more toxic with aging. This was based on the observation that some 
severe reactions occurred in mice injected several days later with a given FC 
when compared to those initially dosed. 

Table 2-1 shows that i.;ice were still alive at about 1 month following the 
int ra-pei i tonea 1 injection of both "aged" emulsion and "aged" neat. The neat 
was emulsified for i.ijection after aging in that form. 

One factor to consider with this series of JPL-AB-6 compared to last 
year's is that the FC was more carefully purified before testing. 

The emulsion was aged for abc.t 2 weeks and the neat for 4 weeks at J7°C, 
intermittently exposed to room air. 

7. Vapor Pressure 

The measured vapor pressure of solid .IPL-AB-b is 2.0 mm Hg at ,U)°C. The 
vapor pressure calculated for liquid AH-b at 30° is 4.8 nun Hg. The equations 
used to predict vapor pressure are valid o'lly for liquids and the discrepancy 
is in tlu’ correct direction. 
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Table 2*2. Siunary of Nice Dosed vitb New FCCs 




XiM Alive 

Follow-up 

ho. ot 

FCC 

Injection Fora Ik>se Post-Injection 

Studies 

Nice 

JPt-AB-15 

Eaulsion 

30 g/kg Sacrificed-24 hours 

Histopath (?) 

1 



4 hours 

— 

2 


Neat 

30 g/kg 4-6 days 

— — 

2 



Sacrificed-5 weeks 

maas«» 

1 


Reduced Dose 

3 g/kg 22 hours 

— 

3 


Enulsion 

0.3 g/kg 4 days 


1 



Alive - 1 month 


2 



(All controls alive and well) 



JPL-AB-16 

Emulsion 

30 g/kg 2-3 days 


3 



Sacrificed-24 hours 

Perit. Wash, 
Tissue Levels, 

6 




Histopath 



Neat 

30 g/kg Sacrificed-24 hours 

Perit. Wash, 
Tissue Levels, 

3 




Histopath 




Sacrificed-3 weeks 

Perit. Wash, 
Tissue Levels, 

3 




Histopath 



Reduced Dose 

3 g/kg 2 days 

— — 

3 


Emulsion 

0.3 g/kg 25 days 


1 



Alive - 1 month 


2 



(All controls alive and well) 



JPL-AB-20 

Enulsion 

30 g/kg 4-20 hours 


3 


Neat 

30 g/kg 2 days 


1 



(All controls alive and well) 



JPL-AB-21 

Emulsion 

30 g/kg 21 hours 


3 


Neat 

30 g/kg 1-1/2 days 

---- 

3 



(All controls alive and well) 
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Table 2*-3. 24-hour Absorption of AB-6 


Mouse Number 

Amount Recovered I.P. 

% of Injected 

125 

29.79 mg 

3.9% 

126 

25.41 mg 

3.4% 

127 

51.45 mg 

6.3% 


Table 2-3. 

Tissue Content 

of AB-6 After 

14 days 

Tissue 

Average 
mg/g tissue 

Average 
mg/ organ 

% of Injected 

* 

Peritoneum 

— 

3.0 

0.4 

Liver 

27.5 

60.0 

7.5 

Brain 

0.05 

0.02 

0 

Blood 

2.2 

5.4 (estimated) 0.7 

Spleen 

87.9 

76.8 

9.2 

Remainder of Body 
(inc. Blood) 

1.7 

38.9 

4.7 

TOTAL 


178.7 

21.8 

Average of 4 mice, 
on 2 mice. 

The remainder 

of the tissue 

averages were done 

Figures shown for "Blood" are also included in " 
and are not repeated as part of the "Total." 

Remainder of Body" 
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8. Synthesis 

The synthesis of JPL-AB-6 is a two-step process as follows: 

(1) CF3CF=CF2 - (CF3)2C=CF2 

( 2 ) 2(CF,),C=CF. + ICH,CH»CH„I 

J ^ i L L i jjjjp 

at RT 

(CFg) 3CCH2CH2CH2C (CF3) 3 


The experimental details can be found in the first annual report (JPL Document 
77-80). 

C. CANDIDATE HYBRID FLUOROCARBON ARTIFICIAL BLOOD COMPOUND JPL-AB-U 

1 ,2-Bis(F-t-butyl)ethane^ 

(CFjjjC CH2CHjCCr3)3 

'loVlS ('*'=''66.11) 

Granular white solid from methanol 
Melting Point 60 to 6l“C 
SUMMARY 

1. Oxygen Solubility 

Calculated 40.2 cm^/100 cm^ of JPL-AB-14 at 25®C 


^The lUPAC name is 2,2,5, 5, -tetrakis(trif luoromethyl)-! , 1 , 1 ,6,6,6, -hexa- 
f luorohexane. 


2-8 



2. Toxicity 

a. JPL AB-14. Two aice were injected intraperitoneally for the 24-hour 
Absorption Verification Study. The nice lived and were sacrified at 
the end of 24 hours. The spleen was very large, approxiaately two 
tines normal size, and was whitish in color. The peritoneal recovery study 
indicated 7% remaining after 24 hours. Organ tissues were assayed for FCC 
levels in one mouse and the other underwent histopathological studies. 

Because of the encouraging results of the Absorption Verification Study, 
two more mice were injected for the two-week House Toxicity Screening. These 
mice were sacrificed at the end of the two-week period and FCC assays were 
done on peritoneal washes and tissues. All three had peritoneal washes per- 
formed, but only two were assayed for tissue levels, and the third was re- 
served for histopathological studies. 


Pathology studies showed gross enlargement of the liver and especially 
the spleen at 24 hours and at 14 days. The spleen exhibited a gray-white 
cast. Histopathology studies on the 24-hour mouse showed "lipid-laden" macro- 
phages in the spleen and other minor changes, but these changes are not as 
marked as seen in other test animals. Tissues from other organs showed only 
minimal changes. In the two-week mouse, lipid-laden macrophages were seen in 
the liver and spleen with fairly marked tissue reaction (swollen cells) 
throughout all other tissues examined. 

b. Status. This FCC appears to be similar to JPL-AB-6, a promising 
compound studied in the first year. It is recovered for further study and 
more complete evaluation. 

3. Dwell time 

The FCC assay levels are shown in Table 2-1 and indicate that the FCC was 
readily absorbed from the peritoneum (93% in 24 hours and 99.5% in 14 days), 
that high concentrations are observed in the liver and spleen at 24 hours, 
that these concentrations in the liver and spleen drop by about one-half in 4 
days, and that the FCC is about 50% eliminated at the end of 24 hours. We 
must emphasize, however, that Table 2 data was obtained from individual ani- 
mals in some cases and an average of 2 or 3 animals at most. This accounts for 
some discrepancies in specific comparisons, yet the general trends are similar 
for all three FCCS. 
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4. Metabolized Foro of JPL-AB-14 

No metabolized form has been observed to date; further work should be 
done in this topic area. 

5. Emulsion Stability 

This compound exhibits relative stability as an emulsified system suit- 
able for intraperitoneal injection. Pleuronic F-68 is apparently an adequate 
stabilizer exhibiting no obvious serious toxic effects. However, indepth 
emulsification studies remain to be done and will becosie important when blood 
replacement studies are to be considered. 

6. Vapor Pressure 

The calculated vapor pressure is about 13.9 mm. This value is well below 
the 40 to SO mm upper limit suggested by Geyer and Clark. 

7. Synthesis 

The synthesis of JPL-AB-14 is a four-step process as follows: 

(1) CF3CF=CF2 - > (CF3>2C=CF2 

0 

II ifp 

(2) (CF3)2C=CF2 + BrCH2C0C2H5 ^ 

DMF at 
RT 

0 0 

(3) (CF3)3CCH2C0C2Hj > (CF3)3CCH2C0H 

MeOH, then HCl 

MeOH-NaOCH3 

(4) (CF3)3CCH2C00H - 2 e - ^ (CF 3 ) 3 CCH 2 CH 2 C(CF 3)3 

(Kolbe oxidation) 


0 

II 

(CF3)3CCH2C0C2H3 
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D. CANDIDATE HYBRID FLUOROCARBON ARTIFICIAL BLOOD CONFOUND 


JPL-AB-32 


4,4,7,7<-tetr«kii(trifluor<NMtliyl)~l,l,l,2,2,3,3,8,8,9,9,-10,10,10- 
tetradecafluorodecane or 

5-H , 5-H , 6 -H-perf luoro-4 ,4,7, 7> tet raaethyldecane 

CF 3 CF 2 CF 2 C (CF 3 ) 2 CM 2 CH 2 C (CF 3 ) 2 CF 2 CF 2 j ^3 

^ 14^26 
Oily Liquid 


SUMMARY 

1. Oxygen Solubility 

Calculated 36.3 oa^ O 2 /IOO of JPL-AB-32 

2. Toxicity 

a. JPL-AB-32. Two aice survived the 24-hour AVS study. One SK>use was 
sacrificed for histopathological studies and one for FCC tissue assay. Two 
additional nice survived the two-week MTS study and were sacrificed for histo- 
pathological and tissue assay studies. The histopathological studies are 
pending. 

b. Status. This FCC is sinilar to JPL-AB -6 and -14 and classified as 
a prosiising conpound. 

3. Dwell Tine 

Table 2-1 shows the FCC levels for this FCC. The data generally para- 
llels that seen with JPL-AB-14. The FCC was readily absorbed and there were 
rather high concentrations in the spleen (liver noderate) at 24 hours dropping 
to about half in these organs in 14 days. About 74% of the total FCC injected 
was eliminated in 24 hours and 86 % in 14 days. Of note is the relatively high 
concentrations in the blood at 24 hours, with a drop to zero at 14 days. 

This data, like that for JPL-AB -6 and -14, was obtained fron single 
aninals in some cases and the statistical validity is thus impaired. However, 
the trends are sinilar for all three FCCs. 

4. Metabolized Forms of JPL-AB-32 

None have been observed to date; further work should be done. 
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5. lyNilsion Stability 

niii coi^uiwi eidiibiti relative atability aa an enilaified ayatea auit- 
able for intraperitoneal injection. Pluronic F*68 ia apparently an adequate 
atabiliier exhibitinp no obvioua aerioua toxic effecta. However, indepth 
eanilaification atudiea reaain to be done and will becoae ia^rtant tdien blood 
replacaaent atudiea are to be conaidered. 

6. Vapor Preaaure 

Ihe calculated vapor preaaure ia 1.4 aaa. Thia ia well below the 40 to 
SOaaa upper liaiit auggeated by Geyer and Clark. 

7 . Syntheaia 

Hie ayntheaia of JPL-AB-32 ia a three atep proceaa aa followa: 


( 1 ) 

( 2 ) 

(3) 


(CF3)2C=CFCF2CF3 + BrCH2C02C2Hj 


KF 

DMA 


CF3CF2CF2C(Cp3)2CH2C02C2Hj 


(1) KOR, ETOH 


CF3CF2CF2C(CF3)2CH2C02C2Hj 


2CF3CF2CF2C(CF3)2CH2C(XHI 


(2) HCl 

MeOMa 

MeOR 

2e- 


CF3CF2CF2C(CF3)2CH2C02H 

ICF3CF2 CFjC (CF3)2CH2-J2 


Step 3 ia a KOLBE electrochaaical oxidation reaction. The experiuental 
detaila can be found in paragraph III C. 
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SECTION III 


SYNTHESIS 


A. INTRODUCTION 

The synthesis of s series of novel fluorocheaicsls vss csrried out, 
followed by physical testing to verify structure end purity end to swssure 
properties relsted to their perforsunce in fluorochesiicsl esnilsion srtificsl 
blood. 

The synthesis plsn vss guided by three bssic concepts: 

1. Convergent Synthesis. "Convergent" describes s synthetic design in 
which relstively large prefabricated subunits, ^ich say or aay not be iden> 
tical, are asseebled to sake the final product, i.e.: 

Convergent: A + B~^AB; C D^CD; AB ♦ CD ♦ABCD 
(or 2 AB ABAB) 

Non*convergent: A + B-*AB; AB + C-»ABC; ABC + D -♦ABCD 

A successful convergent synthesis leads to a readily purified final 
compound, since the individual subunits typically differ greatly in physical 
properties from the product of their combination. Routes to highly fluor- 
inated materials which introduce many fluorines at one time, even though the 
reaction may be carried out in a single reactor as a single operation, involve 
a great many intermediate steps and often lead to hard-to-separate mixtures of 
closely related products. 

2. Use of readily available fluoropolymer moncNsers as the subunits 
containing most of the fluorine. Technology for the comswrcial production of 
C 2 ~C^ perfluoroolefins is highly developed, and almost certainly offers the 
cheapest route to highly fluorinated organic coaq>ounds. 

3. Preparation of partially fluorinated candidate compounds c<^osed of 
nonfluorinated and completely fluorinated (i.e., all C*H bonds replaced by 
C-F) subunits. This concept was based on the conviction that inclusion of 
nonfluorinated fra^nts can lead to synthetic and economic advantages via 
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concepts ( 1 ) end ( 2 ), that the physical pro^rties of tiM partially fliMr- 
inated uterials will fall in the acc^table range, and that an understanding 
of the chodcal-structiiral factors «diich contribute to tonicity, cMilsimi 
properties, circulatory lifetine ami ultinate bodily disposition of fluoro- 
cbMicals is still so fragswntary that exanination of such structures is still 
warranted. 

It should be pointed out here that the advantages potentially derivable 
fron concepts (1) and (2) are not dependent on the validity of concept (3). 

B. CHEHICAL APPBOA(^ 

1. Introduction 

The priaary objective of the chosical synthesis carried out at JFl was to 
produce low cost fluorine containing conpounds with oxy^n solubilities of at 
least 30 ■! of dissolved 02/;00 ■! of pure coafK)und and vapor pressures of 
less than 40 torr at 37.5*C. Specifically, we have synthesised fluorocar- 
bon-hydrocarbon hydrid cos|>ounds where the fluorocarbon segnent is linked to 
the hydrocarbon portion of the sralecule via a tertiary carbon in the fluoro- 
carbon BMiety, e.g.: 


CF, 


CFj 0 


CF3 C CHjCHjCHjCHj 


3 '^ 2'“2 


CF, 


CF,CF.,CF« C CH, C 0CH,CH 


2'“3 


CF, 


Ibis was acco^ilished by the generation froai suitable fluoroolefins and KF or 
CsF in dipolar-aprotic solvents of tertiary f luorocarbanions . These are then 


alkylated with hydrocarbon alkyl 

halides: 


V 


P 

^3 

1 

\ 

KF 

cr,-cV 

CF. C R ♦ KX 

/ 

solvent 

1 

1 

CF 3 

ll-X • alkyl balida 


CFj 

^3 
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IQ the tecoQd year exploratiooa were perforaed principally in regard to 
the reactivity of carhaniona (a) and (h) foraed froa octafluoroiaobutene (c) 
and F<*2-aethyl-2*’pentene (d) respectively (below). 


CF, 


CF3-C 


CF, 


(a) 


CF2=C^ 


CF- 

/ 3 


CF, 


(c) 


CF, 


CFgCFjCFj— C 


CF. 


(b) 


CFjCFjCFrC^ 




CF, 


(d) 


Near the end of the first year success was attained in producing effi- 
ciently, reproducibly, and in kilograa quantities, the tbersMdynaaically 
stable diner of hexatiuoropropene, F-2-nethyl-2-pentene. 

2 CFjCF = CFj CFjCFjCF s C(CF3)2 (I) 

OHA 


Exploitation of the cbenistry of this diner was begun and conditions 
were discovered for converting it by sisq>le chtmistry, in good yield and 
purity, to the hybrid f luorocherlca Is originally proposed. 

2. Direct alkylation of the tertiary center. 

Vdten F-2-nethyl-2-pentene is stirred at roM tesq>erature with dry, pow- 
dered, potass iiw fluoride suspended in dinethylacetanide, the intenMdiate 
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10 

tertiary carbaaiM la not detectable by I RSt, but ita reactimi producta 
uitb allylic balitea are aleuly foraed is bigb yield, uitbout any diacemable 
aite-raactiMa. 


CH2>CH-CH2Br 


CH3CB^-(a2Cl C^Fj3.CH2CI1«CHCH3 
Mai 

CHj^CCCHjlClIjCl CgFjj-Cij a3>sCH2 

Mai 

Allylic cbloridea alMie do not react at an acceptable rate, do react 
in the presence of a catalytic aaount of sodiun iodide, iHiicb fenerates an 
equilibriias concentration of allylic iodide by nucleophilic displacearat. 

While success vas not attained last year in hydrogenatint (CF3)3CCS2C8s^2 
in solution over the usual catalysts at lov hydrogen pressure, it vas fouiul 
that each of the above olefins sMy be reduced very cleanly in the gas phase by 
passing the olefin vapor in a streaa of excess hydrogen through a colusm 
packed vith palladixed fir'^^jrick (see paragraph III C for the procedures). 
Hie yields of the saturated perfluoroalkylalkanes appear to be quantitative 
except for snail handling losses; «> HF or any by-products indicative of carbon 
-fluorine or carbon-carbon cleavage have been detected. 

3. Synthesis and alkylation of perfluoro-2-netbyl-2-pentanol 

The reaction of carbanion II above vith a nitrosating agent gives the 
corresponding nitroso conpound, iHiicb nay be oxidised in situ or isolated and 
oxidised in a separate step to the nitrite, idiich is in turn quantitatively 
hydrolysed to the alcohol. 


CF, 


KF, SHA 

I ^ 7 CF3(af 2CF2C 


CF, 


II 
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II XS 


or 


or 


NOCl 


N2O, 


CgFj 30 N 0 


CgFjgONO KOH CgFjjOK H2SO^ ^6*'l3°” 

The tertiary alcohol is so acidic that it is readily soluble in aqueous 
potassium hydroxide and easily separated from small amounts of accompanying 
neutral byproducts (still being identified). 

The potassium salt may be prepared directly in dimethyl sulfoxide solu- 
tion by reaction of the alcohol with solid KOH, and alkylated ijn situ in high 
yield with a primary alkyl iodide or sulfonate. 




KOH, DMSO 


RI 


Vl3°« 


By this method the methyl, ethyl, n-propyl, ethers, isopropyl and n-butyl were 
prepared. 

4. Other Chemistry: 

Reduction of C^Fj^NO has been found so far to give the corresponding 
hydroxylamine, but other conditions will be explored in the hope of obtaining 
the amine, readily-prepared nitroso compound. 




Zn(Hg),HCl 

CgFj^NO ►CgFjgNHOH 

CF 3 COOH, r.t 

It was discovered that the perfluoro- tert -hexyl and perfluoro- tert -butyl- 
carbanions can be coupled with p-nitrobenzenediazonium fluoborate in dimethyl- 
acetamide, although previous attempts to use that diazonium salt in dimethyl- 
formamide gave only decomposition products. 


- — - - - 
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DMA 


(CF3>2C=CF2 KF + P-N02C^H^-MJ, 



- 20 ® 


(CF3)3C-N=N-CgH^-p NOj 


Reduction of the (CF 3 ) 3 C- derivative with analgamted zinc in acetic acid 
gives the corresponding anine. The sane reaction has been perfomed with the 
C^F^ 3 ~ analog and is reported under paragraph C. 

An experinental procedure follows for each of the new coapounds which was 
isolated in pure fom during this effort. 

I 

I 


C. EXPERIMENTAI 
1. Synthetic Methods 

The following is a compilation of the synthetic procedures for pertinent 
starting materials and final test conpounds synthesized at JPL during this 
contract year. 

All synthetic procedures up to and including alkaline or aqueous washes 
of crude FC products were carried out in a good chemical fume hood, and fur- 
ther procedures were performed in the hood so far as practicable. F-olefins, 
especially octafluoroisobutene (OFIB) are known to be toxic, and other new 
substances were considered toxic until shown not to be. Procedures involving 
H 20 ^, a strong oxidant, or glass vessels under vacuum or pressure were con- 
ducted behind a safety shield. Especially hazardous procedures are so noted. 

The infrared and NMR spectra are presented with each compound descrip- 
tion. The NMR spectra were obtained on a Varian T-60 or HR-60 system. The 
infrared spectra were run on a Perkin-Elmer Infrared Model 137. Elemental 
analysis was done at California Institute of Technology Analytical Laboratory. 

Table 3-1 includes a summary of compounds synthesized and tested, (along 
with their designation code number) during the first year of the program 
(Reference 20). Table 3-2 summarizes compounds prepared during the second 
year. 
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Table 3- 


Deslgnatlon 

JPL-AB-1 

JPL-AB-2 

JPL-AB-3 

JPL-AB-4 

JPL-B-5 

JPL-AB-6 

JPL-AB-7 

JPL-AB-8 

JPL-AB-9 

JPL-AB-10 

JPL-AB-11 

JPL-AB-12 

JPL-AB-1 3 

JPL-AB-14 


. Fluorochemlcal Conpouads ^.^nthesized 
and Submitted for Testing to UBTL 

Structure 

(CF3)3C-CH2-CH«CH^ 

(CF3)3C-CH2-CH2-CH2-CH3 

(CF3)3C-CH2-?-0-CH2-CH3 

(CF3)3CNH2 

(CF3)3C-(CHJ3-C(CF3)3 

(CF3)3C0H* 

(CF3)3CCFClcrC1CF3 

(CF3)3C-CH2-CH^CH-CH2-C(CF3)3 

(CF3)3C(CH^)3l 

CF3CF2CF2(CF3)2CCH2CH’CH2 

(CFJ,CCH„C0,’ 

(CF3)3C{CH3)^C(CF3)3 

(CF3)3C(CH2).C(CF3)3 


*A commercial material obtained from PCR. Gainesville, Ft. 



Table 3~2. Fluorcchemical Compounds Synthesized 
During the Second Year 


DE SIGNATION STRUC TURE 


JPL-AB -15 

CF3CF,,CF^ (CF^ ) ^C (CH^ ) 2CH^ 

JPL-AB -16 

CF,^CF2CF^ (CF^ ) ^C (CH2 ) 3CH2 

JPL-AB -17 

CF3CF.,CF2(CF3),,CH,,CH(CH3)2 

JPL-AB -18 

CF3CF2Cr2(CF3).,COH 

JPL-AB -19 

CP,jCF„CF„tCF,J^COCH.j 

JPL-AB -20 

CF3CF2CF., ( CF3 ) .jCOCH.^CH^ 

JPL-AB -21 

CF CF ,, CF ,, ( CF ,. ) COCH ,, CH ,,CH 

JPL-AB -22 

CF3CF,,CF,/CF3) ,,CCH,,0CH.,CH3 

JPL-AB -23 

CF3CF.,CF.^(CF3).,CN0 

JPL-AB -24 

CF3CF,,CF,, tCF^ ) ,,CCH,,C 0 .,C 1 I,,CH 

JPL-AB -25 

(CF,,).,CCH.,CH., 0 CH.,CH„ 

JPL-AB -26 

( C F3 ) 3 CC H „ CH ,,OCH CH ^C ( C F 3 ) 3 

JPL-AB -27 

CF 3CF CF ( C F 3 ) ,, COCH ( CH 3 ) ,, 

JPL-AB -28 

CF3CF,,CF./CF3) ,,C 0 (CH 2 ) 3CII ^ 

JPL-AB -29 

CF3CF.,CF,,ICF3),,CCH3 

JPL-AB -30 

CF,,CF.,CF,,(CF,,),,CNHOH 

JPL-AB -31 

CF3CF.,CF2(CF3),,CCH,,CH3 

JPL-AB -32 

(CF 3 CF 2 CF 2 (CF 3 ) 2 CCH 2-12 

JPL-AB -33 

(CF3)3C0(CH2)3CH3 

JPL-AB -34 

(CF3) 3C0(CH,,)30CCCF3)3 

JPL-AB -35 

(0^113)30 (0^12)2^(0113)3 

JPI--AR -36 

CF3CF,,CF,(CFj)2CNH., 
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Table 3-3. Fluorochenical Compounds Synthesized 
During the Second Year (Continuation) 


DESIGNATION 

STRUCTURE 

JPL-AB-37 

CF3CF2CF2 (CF3 ) 2COC (CH3) 3* 

JPL-AB-38 

CF3CF2CF2(CF3)2C0CH2C02C2H3* 

JPL-AB-39 

CF3CF2CF2 (CF3 ) 2CCH2COOH 

JPL-AB-40 

CF3CF2CF2 (CF3 ) 2CCH2CH=CHCH3 

JPL-AB-41 

CF3CF2CF2(CF3)2CCH2(CH3)C=CH2 

JPL-AB-42 

pN02CgH^N=NC ( CF3 ) 2CF2CF2CF3 

^ Synthesis attempted 
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2. Vapor-phase Catalytic Hydrogenation: General Procedure 

Thirty g of Chromosorb P (40 mesh) was slurried in 10% aqueous hydro- 
chloric acid and heated on the steam bath for ca. one hour, then washed by 
decantation with distilled water. This procedure was repeated twice. Then SO 
ml of concentrated hydrochloric acid and 1.0 g of PdCl 2 was added and the 
mixture was taken to dryness on the rotary evaporator under aspirator 
pressure, using a steam bath as the heat source. 

Twelve point six (12.6)g of the PdCl 2 -treated support was packed into 
the inner coil of a reflux condenser. The coil was heated by steam from a 
flask of boiling water while hydrogen was passed through at 100 - 150 cc/min 
until the color of Chromosorb turned from orange to dark gray (about 0.5 
hour) . 

For reduction of a volatile liquid substrate, the column was preceded by 
an evaporator having a glass frit for the hydrogen to bubble through, a thermo- 
meter well to monitor the temperature of the liquid, and a heat source. 
Following the column was a trap cooled in a dry ice-isopropanol bath and a 
soap-bubble flowmeter (See Figure 3-1). 

With CjQ olefins, the evaporator was held at 80 - 85® and the hydrogen 
flow set at about 135 cc/min. Throughput was approximately one gram/hour. 
When unreacted olefin appeared in the condensate, as determined by PMR, the 
catalyst was replaced. One charge was sufficient to reduce at least 100 g of 
distilled olefin. The apparatus was set up in a hood. 
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3. 4,4-Bis(trinuoromcthyl)-l , 1 , 1 ,2,2,3,3,-heptafluoroheptane 


H, 


CF3CF2CF2C(CF3)^CH2CH=CH, 


CF2CF^CF2C(CF^)^CH^CH^CH2 


Cat 


(JPL-AB-15) 


A total of 72.8 g of crude 4,4-bis-(trif luoroinethyD-l , 1 , 1 ,2 ,2,3,3-hep- 

tafluoro-6-heptene (JPL-AB-1 Hwas reduced by the general procedure for vapor 

phase hydrogenation, except in this first example an earlier version of the 

apparatus without the thermometer well and flowmeter was used. Sixty-two 

point nine (62.9) g of colorless saturated product was collected, 8b%, and 3.9 

g of tarry residue remained in the evaporator. The condensate was stirred for 

two days with 96% H.,SO^, separated, dried over solid potassium hydroxide, and 

distilled at aspirator pressure. Yield, 5b g of water-white product showing 

74 

no detectable olefinic hydrogen by PMR. Boiling point 121/719 nun, I) 1.51b 
g/cm^. JPL-AB-15 is a new compound. 

Calculated for (362.13): C, 29.8.5%; H, 1.95%; F, 68.20%. 

Found: C, 29.73%; H, 1.97%. 



'*t 

»'OI I ' 1 

VI t i ' I 

: , 


WIIMkrLMH 


lnK.m« 


» nMHM ll»ll , 
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4. 4,4Bis(trif luoromethyl )-l ,1,1 ,2,2,3,3,-heptaf luorooctane 


(JPL-AB-16) 


112 


CF^CF^CF^C ( CF^ )2CH2CH=CHCH3 


CF3CF2CF2C (CF3 ) 2CH2CH2CH2CH3 


cat. 


Olefin CF 3 CF 2 CF 2 C(CF 3 ) 2 CH 2 CH=CHCH 3 (JPL-AB-40) , 78.7 g, was hydrogenated 
by the general procedure for vapor-phase hydrogenation. The crude product was 
dried over solid KOH and redistilled. Yield 77.2 g, 97.6%. Boiling Point 
137.5°C/730mm 1.466 g/cm^, JPI.-AB-16 is a new compound. 

Calculated for (376.16); C, 31.93%; H, 2.41%; F, 65.66%; 


Found: C, 31.92%; H, 2.80%. 













5 . 


A,4-Bis^trif luoromethyD'l ,1,1 ,2 ,2 ,3 ,3-heptaf luoro-6-methylheptane 
(JPL-AB-17) 


CF3CF2CF2CCCF3l2‘^H2C(CH.^)=CH^ * CF3CF2CF^C(CF3)2CH2CH(CH^)2 

Cat. 

Olefin CF 3 CF 3 CF 2 C(CF 3 ) 2 CH 2 C(CH 3 )=CH., (JPL-AB-41), 103.1 g, was reduced 
by the general procedure fur vapor-phase hydrogenation. Samples of product 
were withdrawn for spectroscopy and preparative gc purification and the bal- 
ance distilled from solid KOH. Boiling Point 132°C/721 mm, 1.453 g/cm^. 
JPL-AB-17 is a new compound 

Calculated for (376.16): C, 31.93%; li 2.41%; F, 65.66%. 

Found: C, 31.95%; H, 2.44%. 

C, 31.99%; H, 2.53%. 





■ M, i.a K if»i. Tin cr,cr,tr_{cf j,ccxjCM{oi,). 

I . Sit iit** 


0l?IGINAL FAG£ » 

OF POOR QUALfnr 
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6. Perf luoro-2-methyl-2-pentanol 


(JPL-AB-18) 


(CFjjjC^CFCF.CfjCFj F NjO, |C5F,3NO|*CF3CF2CF2C(Cf3),OH 

The apparatus was set up with a hood and safety shield. 

Dry KI', 50g; dimethylacetamide , 500 ml, and perfluoro-2-methyl-2-penttne, 
171.3 g (0.571 mol) were combined in a one-liter 3-neck flask and stirred at 
4-7® (external ice-salt bath) while 109 g (1.18 moles) was slowly 

distilled in a slight flow of O 2 . A -28®C (boiling CF 2 CI 2 ) reflux condenser 
was used to minimize escape of NO 2 . The addition Wi,s slightly exothermic and 
was interrupted whenever the pot temperature reached +7®. Inmediately after 
the addition the reaction mixture was deep blue; FMR examination of the lower 
f luorochemical phase showed complete consumption of starting oicfin and a 
single predominate product, subsequently shown to be CF^CF 2 CF 2 C(CF.^) 2 NO. The 
reaction mixture was let warm slowly (the ice-salt bath left in place) to room 
temperature with stirring. After 18 hours the blue color had disappeared and 
the lower phase was light yellow. After ca. 48 hours additional, most of the 
f luorochemical seemed to be dissolved in the dimethylacetamide, and much white 
solid was present. Water, ca. 400 ml, and 6.2 g (0.1 mol) were added; 

the lower phase re-formed and most of the solid dissolved. Sulfamic acid, 
H 2 NSO 2 H, was added in small portions to destroy the nitrous acid present, and 
the reaction mixture was distilled at atmospheric pressure until the conden- 
sate was clear. The distillate consisted of a lower f luorochemi ca 1 phase and 
an upper aqueous phase, both almost colorless. Potassium hydroxide, 37.4 g 
(0.66 mol), was added to the distillate, whereupon most of the lower phase 
dissolved in the aqueous layer. A small amount of neutral material was separ- 
ated by vacuum distillation into a -78® trap, then the clear a , 'c ous KUH 
solution was acidified with H 2 SO^ and distilled at aspirator pressure into a 
dry ice cooled receiver. Yield 108.9 g of the perfluoro alcohol as a dense, 
water-white liquid, 56.7%. Boiling Point 93/728 nvn 1.770 g/cm^. (Note: 
see pt( parat i uns of JPh-AB-23 for nitroso compound). JPL-AB-18 is a new com- 
pound . 

Calculated f..r C^Fj^OH (33 Oh): C, 21.45%; H, 0.30%; 0, 4.76%; 

F, 73.40.. 

Found: C, 21.19%; h, 0.49%. 
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FHR: 0.9 ppii, 6F, tt; 8.8 ppn, 3F, t; 41.9 ppn, 2F, m; 50.9 ppn, 2F, a, all 
t^field of the t of CF 2 CICFCI 2 . 

The neutral fraction weighed 17.5 g (approximately 9% yield) and con- 
sisted of a mixture of two still unidentified CF^CF2CF2C(CF2)2^ products, 
possibly one wit^ X = N02« the other X = ON02* Tue C(CF ^)2 tt of the major 
~60%) component appears 4.1 ppm downfield of the d of CF 2 CICFCI 2 ; the C(CF 2)2 
tt of the minor component at 0.4 ppm doimfield. 


7. I^[iroved Preparation of Perfluoro-2*'Mthyl*2-pentanol 


(m-AB-18) 


The apparatus vas set up with a hood and safety shield. 

Dried potassiun fluoride, 58 g(l.Q nol); 550 al diaethylacetaaidei and 
201.3 g (0.67 Bol) perfluoro-2-Mthyl>2*pentene were conbined and stirred 
Magnetically in a oae>liter 3 H flask equipped with cold finger condenser, 
themoaeter well, and drying tube. The Mixture was cooled to -20^ in a dry 
ice- isopropanol bath, and nitrosyl chloride was passed in froa a lecture 
bottle, keeping the teaperature below -5°, until a green color persisted (the 
reaction product foras a clear blue lower layer, and the presence of excess 
yellow-brown NOCl causes the aixture to appear green), ka far spectrtai of the 
blue lower layer showed c<Nsplete consuiqption of starting aaterial. The re- 
action Mixture was poured into a 2-liter separatory fuunel containing 30 g of 
boric acid in ca. one liter of ice water. The blue lover layer vas drawn off 
and without further purification, placed in a 250 al 3 N flask equipped with a 
cold finger condenser and oxidized with a slow streaa of oxygen. The blue 
color turned green, then yellow within 30 ainutes. The oxidation is exother- 
aic. The crude yellow nitrite ester was poured into 300 al of water and 
stirred until gas evolution ceased (MO NO 2 ), then aade strongly basic by 
addition of 60 g KOH pellets. Insoluble aaterial (40.8 g) was reaoved by 
direct steaa distillation; distillation was stopped when the distillate ran 
clear of insoluble aaterial. The residual aqueous solution was cooled and 
acidified with sulfuric acid. The lower layer which foraed was separated, 
nixed with 75 al of 96% H2S0^, and the aixture distilled at aspirator pressure 
into a dry ice-cooled receiver. Yield 145.5 g (64.5% of colorless product, 
pure by far. JPL-AB-18 is a new coapound. 


3-20 















8 . 2-Methoxy-perf luoro-2-methylpentane 


(JPL-AB-19) 


CF3CF2CF2C(CF2)20H + KOH 

DMSO 

C^FjjOK + (^30)2802 CF2CF2CF2C(CF3)20CH3 

The apparatus was set up with hood and safety shield. 

Perfluoro-2-methyl-2-pentanol , 25.0 g (0.0744) mol) was mixed with 125 ” 
of dimethylsulfoxide. A single phase was present. Solid KOH (85% pellets, 
7.7 g, 0.12 mol) was added with stirring; the KOH partly dissolved and the 
^^^^3^2 ™ about 2.6 ppm upfield relative to the -CF2CF3 m. Dimethyl 

sulfate, 12.6 g (0.10 mol) was added; the solution immediately became turbid 
and within a few minutes a lower phase separated. The mixture was stirred '5 
hours at room ten^perature and poured into water; the lower phase was sepa- 
rated, washed with dilute HCl, treated with solid KOH, distilled at aspirator 
pressure into a dry ice-cooled receiver, washed with 95% H2SO^, distilled 
again, and again treated with solid KOH. Yield 19.6 g, 75.3%, Boiling Point 
97®C/728 mm, 1.617. JPL-.AB-19 is a new compound. 

Calculated for C^H^OF^^ (350.07): C, 24.02%; H, 0.86%; 0, 4.57%; F, 

70.55%. 
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9 . 2-Ethoxy-perf luoro-2-methylpentane 


(JPl-AB-20) 


CF3CF2CF2C(CF3)20H + KOH 

DMSO 

C^Fj 30 K + CH3CH2I CF3CF2CF2C(CF3)20CH2CH3 


The apparatus was set up with a hood and safety shield. 

This ether was prepared as in the preceding example from 25.2 g alcohol, 
8.2 g KOH and 16.4 g CH3CH2I (.105 mol). After 41 hours the reaction was 
worked up as in JPL-AB-19. The crude product was purified by one bulb-to-bulb 
vacuum distillation from solid KOH and treated with 5A molecular sieve. Yield 
23.0 g, 84.2%. Boiling Point 109»C/728 mm, 1.571 g/cm^. JPL-AB-20 is a 
new compound. 

Calculated for CgH30Fj3 (364.10): C, 26.39%; H, 1.38%; 0, 4.39%; 

F, 67.83%. 

Found: C, 25.96%; H, 1.56%. 
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10 . 2-n-Propoxy-perf luoro-2-Bethylpentane 


(JPL-AB-21) 


CF3CF2CF2C(CF3)20H + KOH ^C^Fj^OK 

DHSO 


CgFj^OK + CH3CH2CH2I CF3CF2CF2C(CF3)20CH2CH2CH3 

The apparatus was set up with a hood and safety shield. 

This ether was prepared as in the previous exanple from 25.0 g alcohol, 

8.5 g KOH and 17.0 g n-propyl iodide (0.10 sol). The reaction sixture was 

clear initially but became turbid within five minutes. After 65.5 hours the 

mixture was worked up as before, and the crude product purified by a single 

bulb-to-bulb vacuum distillation from solid KOH. Yield 22.1 g, 78.6%. Boil- 

3 

ing Point: 125*0/728 mm, D24: 1 ..j 07 g/cm . JPL-AB-21 is a new compound. 

Calculated for CgH^0Fj3 (378.13): C, 28.59%; H, 1.87%; 0, 4.23%; 

F, 65.31%. 


Found: C, 28.50%; H, 2.03%. 





■MPIt 

aiswt 
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11. 4 , 4-Bi 8 ( tr i f luoronethyl ) -5-ethoxy- 1,1, 1,2, 2, 3, 3-hepta f luoropentane 

(JPL-AB-22) 


KF 

(CF3)2C=CFCF2CF3tClCH20CM2CH3 CF3CF2CF2(CF3)2CCH20CH2CH3 

Cat. 

THF 

Apparatus was set up with hood and safety shield because of toxicity. 

Dry KF, 20 g; tetrahydrofuran, 250 ml; perfluoro-2-methyl-2-pentene, 46.6 
g (0.155 mol) and chloromethyl ethyl ether, 22.2 g (0.235 mol) were combined 
and stirred at room temperature with exclusion of moisture. After 17 h, no 
reaction could be detected by FMR, and 5.0 g of l8-crown-6 ether-acetonitrile 
complex was added. After 20.5 h additional stirring, about 40% product was 
judged present by FMR analysis. The reaction was stirred a further 240 hours, 
30 ml morpholine was added, and 24 h later the reaction was worked up by 
pouring the mixture into ca 1.5 liter water. The lower layer was washed with 
3M HCl-0.5 M H3BO3, dried over solid KOH and distilled in vacuum. The crude 
product showed appreciable amounts of several impurities by FMR and PMR; 
successive treatment with strong aqueous KOH, morpholine and concentrated 
sulfuric acid, and distillation in vacuum from solid KOH gave 18.8 g, 32% of 
material with PMR and FlQl spectra consistant with the assigned structure. 
Boiling Point 133®C/718 mm, 1.530 g/cm^. JPL-AB-22 is a new compound. 

Calculated for C^H^OFjj (378.13): C, 28.59%; H, 1.87%; 0, 4.23%, F, 

65.31%. 

Found: C, 28.49%; H, 2.06%. 
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12. Perfluoro“2-nitro80-2-methylpentane 


(JPL-AB-23) 


KF 

(CF3)2C=CFCF2CF3+N0C1 CF3CF2CF2(CF3)2CN0 

DMA 

Apparatus was set up with hood and safety shield due to high toxicity. 

Dry KF, 30g; dimethylacetamide, 250 ml; and perfluoro-2-methyl-2-pentene, 
100.7 g(0.336 nol), were combined in a 500 ml 3 necked flask fitted with a -28 
(boiling CF 2 CI 2 ) cold finger and magnetic stirring. The mixture was cooled to 
3® in an ice bath and nitrosyl chloride (NOCl) slowly passed in from a cyl- 
inder until an excess was present (green color) . The reaction mixture was 
then poured into ca. one liter of ice water in a separatory funnel. The lower 
blue phase was separated, dried quickly over solid KOH (some reaction) and 
distilled quickly at aspirator pressure into a dry ice-cooled receiver. The 
distillate was stored over 4A molecular sieve over a weekend in the freezer 
and again distilled as above. Yield 92.0 g (79%) of royal blue, mobile li- 
quid, 80-90% pure by FMR. Boiling point 73®/729 1.702. JPL-AB-23 is a 

new compound. 

Calculated for C^F^^NO (349.05): C, 20.65%, F, 70.76%; N, 4.01%; 0, 

4.58%. 

Found: C, 19.47%. 
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speaRUM NO 

ORIGIN JPI 

SAMPLE 




PURITY 

— - - 

PHASE UwU 


THICKNESS 









ill Hi' 1 ,; 


13. £thyl-3|3*bis(trifluoron<;thyl)>H,4,S,S|6,6,6~hept«fluorohexanoate 
(JPL-AB-24) 


(CF3)2CsCFCF 2CF3 + BrCH2C02C2H3 CF3CF2CF2C(CF3)2CH2C02C2H5 


Dry, finely-ground potassiua fluoride (30 g, 0.52 «ol) was transferred 
inside a dry box into a one liter round bottoa flask containing a magnetic 
stirring bar. Dry, freshly distilled dlmethylacetamide (500 ml) was added, 
followed by 106.7 g (0.356 mol) perfluoro-2-methyl-2-pentene and 81.8 g (0.49 
mol) ethyl bromoacetate. The flask was closed with a drying tube and stirred 
at room temperature (30®C). Wien the FHR spectrum of the reaction mixture was 
taken 18 hours later, the reaction was found to be complete. The entire 
mixture was filtered by suction into a 2 liter separatory funnel, diluted with 
ice water and the lower l.iyer drawn off. An excess of morpholine was mixed 
with the crude product and the mixtures stirred overnight, then poured into 3H 
HCl containing 0.5 H H3BO3. The lower layer was again drawn off. The yield 
of crude ester, essentially pure by FHR but showing some minor impurities in 
the PMR spectrum, was 116.7 g; short-path distillation under aspirator vacuum 
left a small residue of red tar and gave 103 g of light yellow mobile liquid, 
71%. The product has a boiling point of 163 - 164®C at 732 torr and a density 
of 1.599 grams/ffll at 22®C. JPI-AB-24 is a new compound. 

An analytical sample was obtained by preparative gas chromatography. 

Calculated for: CjqH^Fj 302 (406.14): C, 29.57%; H, 1.74%; F, 60.81%; 0, 

7.88%. 

Found: C. 29.84%; H. 1.92%. 
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ORIGIN JPL 

PURITY 
PHASE Uni»(4 
THiaNESS^ 




SPECTRUM NO. .. 
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cr jcr.crjicf jljCCHjCOjCMjCH, 


2 


13 




LEGEND 

1. - . . i 

3. , . 

REMARKS ^ - 



- 

DATE . - I 

- - - 



OPERATOR -J” 
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14. 4-ethoxy-2,2”bis(trifluoromethyl)-l ,1,1-trifluorobutane (JPL-AB-25) 

KF 

(CF3)2C=CF2 + BrCH2CH20CH2CH3 (CF3)3CCH2CH20CH2CH3 

DMA, RT 

Apparatus was set up with hood and safety shield. 

Thirty point six (30.6) grams (0.200 mol) of 2-bromoethyl ethyl ether was 
added to 100 ml of dry dimethylacetamide (DMA) in a 250 ml Fischer-Porter 
pressure bottle equipped for magnetic stirring. Fifty (50) grams (0.25 mol) 
of octafluoroisobutene (OFIB) was condensed by a -78®C cold finger into the 
bottle which was kept at -10®C by a dry ice/isopropanol bath throughout the 
addition. Fourteen point six (14.6) grams (0.252 mol) of dry potassium fluor- 
ide was then added and the vessel was closed. The reaction mixture was al- 
lowed to warm to room temperature with stirring. After stirring for two days, 
the pressure gauge in the reaction vessel was zero. The mixture was allowed 
to stir for a total of seven days and then placed in a separatory funnel and 
washed with 500 ml of water. Fifty nine (59) g of a crude lower layer was 
collected. Gas chromatography on a 20% FFAP column at 150“C showed product, 
starting alkyl halide, HFP-OFIB codimer and one other impurity. ^^F NMR 
showed a singlet for the product and the characteristic resonances for the 
co-dimer. The material was then distilled through a 5 cm vacuum jacketed 
Vigreux column. Twenty-one (21)g of material boiling between 110 - 120°C was 
collected. The material was then purified by gas chromatography on a 1 x 150 
cm, 20% didecylphthalate column at 90°C with a He flow rate of 100 ml/min. 
Fifteen (15)g (0.051 mol, 26%) of pure product was collected. Boiling point = 
115®C @ 730 m. Density = 1.458 at 23®C. JPL-AB-25 is a new compound. 

Calculated for: CgH^OF^, (292.14); C, 32.89; H, 3.11; 0, 5.48; F, 

58.53. 

Found: C, 31.94%; H, 2.69%; C, 32.06%; H, 2.84%. 
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15. p,^'-(nonafluoro-t-butyl-ethyl) ether 


(JPL-AB-26) 


Nal, KF 

(CF3)2C=CF2 + (CICH2CH2)20 I(CF3)3CCa!2CH2J20 

DMA, RT 

The apparatus was set up with hood and safety shield because of high 
toxicity. 

Twenty one point four (21.4)g (0.15 sol) of P,P'-chioroethyl ether, 2.25 
g of sodium iodide and 100 ml of dry dimethylacetamide were placed in a 250 ml 
Fischer-Porter pressure bottle equipped with magnetic stirring and a dry 
ice/ isopropanol bath held at -lO^C. One hundred twenty (120) g (0.60 mol) of 
0FI6 were condensed from a -78"C cold finger into the pot. Twenty-six point 
two (26.2) g (0.45 mol) of dry KF were then added and the top placed on the 
pressure bottle. The pot was allowed to warm to room temperature and stirred 
for 14 days. The pot contents were then washed with 1 liter of water in a 
2-liter separatory funnel. Upon addition of the water, vigorous hydrolysis 
occurred accompanied by a slight rise in solution te^erature. Ninety six 
point seven (96.7) g of a crude brown lower fluorocarbon layer was collected 
and dried with MgSO^. F NMR showed the crude phase to have 2 singlets of 
equal intensity downfield of the F113 doublet. Gas chromatography on a 1 x 
150 cm, 20% didecylphthalate column at 90"C with a He flow rate of 100 ml/min 
showed the crude mixture to have 12 components. No product was isolated. 


3-41 


16. 2-l8opropoxy>perfluoro-2'‘nethyIpentane 


(JPL-AB-27) 


KOH 

CF3CF2CF2(CF3)2C0H + ICH(CH3)2 * CF3CF2CF2(CF3)2COCH(CH3)2 

Twenty five point zero (25.0) g of perfluoro-2-methyl-2’*pentanol (0.0744 
mol) , 8.6 g of KOH pelleta (0.13 aol), and 125 ail of dimethylaulfoxide were 
combined and stirred at room temperature. After 45 minutes, 18.7 g (0.110) of 
2-*iodopropane was added; the mixture did not become turbid within 10 min, as 
did the same reaction with prusary iodides, but turbidity was present after 25 
min. Some pressure buildup and olefin smell were evident, indicating com- 
peting elimination of HI and formation of propene. After twenty hours, an 
additional 5.3 g of iodide (0.031 mol) and 3.1 g KOH were added. After 113 
hours total reaction tisM, the mixture was poured into 300 ml of water, and 
the lower layer separated and dried over solid KOH. The alkaline aqueous 
supernatent was acidified with concentrated HCl, whereupon 9.1 g (crude) 
perfluoroalcohol separated; it was identified by its FMR spectrum. 

Short path distillation of the crude ether gave a colorless product. An 
analytical sample was obtained by preparative gas chromatography. Overall 
yield of 16.2 grams (58%), bp = 121*’C at 732 torr, density = 1.531 at 21^C. 
JPL-AB-27 is a new compound.' 

Calculated for CgH^Fj30 (378.13); C, 28.59%; H, 1.87%; 0, 4.12%; F, 
65.31%. 

Found: C, 28.42%; H, 1.89%. 
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17 . 2*n*‘Butoxy‘perf luoro-2>nethylpentane 


(JPL-AB-28) 


KON 

CF3CF2CF2(CF3)3C0H + ICH2CH2CH2CH3 CF3CF2CF2(CF3)2COCH2CM2CH2CH3 

Twenty five point zero (25.0)g of perfluoro-2-nethyl-2-pentanol (0.0744 
nol), 125 g of dinethysulf oxide, 9.9 g of KOH pellets (0.115 mol), and 18.4 g 
of 1-iodobutane (0.100 mol) were combined and stirred at room temperature for 
three days. At the end of the reaction period the mixture was poured into ca, 
300 ml of water and the crude lower layer drawn off and dried over solid KOH. 
Distillation of the crude product at aspirator pressure into a dry ice-cooled 
receiver gave a colorless liquid. An analytical sample was obtained by prep- 
arative gas chromatography. Overall yield 24.8 grams (84%), bp = 138®C at 732 
torr, density = 1.472 at 21“C. JPL-AB-28 is a new compound. 

Calculated for CjQHg0Fj3 (392.16): C, 30.63%; H, 2.31%; 0, 4.08%; F. 

62.98%. 

Found: C, 30.47%; H, 2.25%. 
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18. 2,2-Bis-trifluoromethyl-3,3,4,4,5,5,5“heptafluoropentane (JPL-AB-29) 

KF 

(CPjjjC^CFCFjMj ♦ (CHjOjjSOj, CFjCF^CrjCCFjj^CCHj 

Apparatus was set up with hood and safety shield. 

Potassium fluoride » 95 g (1.64 mol; oven-dried and powdered), 500 ml of 

dimethylacetamide and 301 g (1.00 mole) of perfluoro-2-methyl-2-pentene were 

combined and stirred magnetically in a one liter flask, while 168 g (1.33 mol) 

of dimethyl sulfate was added in portions. liiu first portions caused no 

perceptible temperature rise (touch) but as the addition continued over about 

0.5 hour the temperature rose gradually until the fluorochemical components 

19 

refluxed gently. After the mixture cooled, FMR examination showed consump- 
tion of starting material and the presence of two major components (vide 
infra). The mixture was poured into water and the lower layer examined by 
FMR: multiplets similar to that of the previously prepared CF2CF2CF2C(CFp2^ 

compounds was present (41.5%), along with CF2CF2CF2C(CF2)2H (12.1%) and a 
previously unobserved compound tentatively identified as (CF2)2HCHCOCF2CF2 
(46,2%), presumably arising from attack of the solvent or the CH^OSO^ ion on 
the starting olefin. The relative amounts were determined by integration of 
the geminal CF^ multiplets. The crude lower layer was stirred with a solution 
of KOH in isopropanol until the exothermic reaction subsided, then the mixture 
was distilled until no more fluorochemical co-distiiled with the isopropanol. 
The crude product was washed with water, dried over KOH pellets and redis- 
tilled at aspirator pressure to give 111.2 g (33.3%) colorless liquid. Some 
discoloration occurred when the distilled product was redried over solid KOH, 
so diethyl amine was added to destroy the reactive impurities present. After 
24 hours, the mixture was washed with dilute aq. acid, again dried over solid 
KOH, and redistilled. Overall yield 99.2 grams (30%), bp = 86°C at 731 torr, 
density = 1.667 at 21®C. JPL-AB-29 is a new compound. 

Calculated for (3.34.08): C, 25.17%; H, 0.91; F, 73.93. 

Found: C, 24.29%; H, 0.90%. 

C, 24.32%; H, 1.01%. 

CF3CF2CF2(CF2)2CCH3 + Br2 CF^CF2CF2(CF3)2CCH2Br 
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Attempted bromiaatioQ: 21.6 g (0.065 mol) of the KOK- Isopropanol washed 
product above was placed in a Pyrex flask with 11.2 g Btj (0.070 mol). The 
two-phase mixture was heated and illuminated by a 25 -W Tensor light placed 
against the flask and shielded with foil; after about 16 hours at reflux, the 
mixture was examined by PMR; only the starting material was present. 
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19 . Perf luoro-2-aethyl-2-pentylhydroxylamine 


(JPL-AB-30) 


CF3CF2CF2(CF3)2CN=0 Hg\ - CF3CF2CF2(CF3)2CN1K)H 

TFA 

Apparatus was set up with hood and safety shield. 

Ten point seven (10.7) g of perfluoro“2-nitroso-2-methylpentane (0.0307 
mol) was dissolved in 42 ml of trifluoracetic acid. The solution was cooled 
to *15” and saturated with HCl gas, then 5.3 g of granulated amalgamated zinc 
(about 2.5 equivalents) were added. The solution was stirred and let warm 
slowly to room temperature. At the end of one hour the mixture was still 
blue, but after stirring overnight a white precipitate was present and the 
solution was colorless. Twenty-five (25) ml of 96% H2S0^ were added, and most 
of the trifluoroacetic acid was distilled off at aspirator pressure. The 
distillate was faintly blue. The distillation residue was diluted with water; 
a lower phase formed which was steam-distilled out. The lower product phase 
of the distillate was separated: yield 5.34 g (50%) of a colorless liquid 
identified by nmr spectroscopy as CF3CF2CF2C(CF3)2NH0H. The proton nmr spec- 
trum of the crude product showed two fairly sharp singlets at 5.80 and 1.82 
ppm downfield of external TMS (ratio 1:1.44; vs expected 1:1, perhaps due to a 
trace of water exchanging with the -NHOH protons). The fmr spectrum in Freon 
113 shows only a single t of t at 66.52 0 for the CF3CF2CF2C(CE3)NHOK fluor- 
ines. .Then the F-113 solution of the product was treated with aqueous MONO, 
the solution became blue, and the 66.52 t of t in the fmr spectrum disappeared 
and was replaced by the quintet of CF3CF2CF2C(CF3)2NO at 63.64 0. These 
observations are consistent only with the reduction product being the hydroxyl- 
amine, rather than the amine CF3CF2CF2C(CF3)2NH2. A larger-scale preparation 
of the hydroxylamine is in progress. JPL-AB-30 is a new compound. 
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20 . 3 , 3-B1b (T rif luoromethyl ) -4, 4, 5, 5, 6, 6, B-Heptafluorohexase 


(JPL-AB-31) 


fCF3)2CsCFCF2CF3 CF3CF2CF2(CF3)2CCH2CH3 


113 g (0.337 Bol) perfluoro“2-methyl-2-pentene, 41.3 g (0.711 mol) dry 
potassiua fluoride, 250 ml dry dimethylacetamide, and 72 g (0.462 mol) ethyl 
iodide were combined and stirred at room temperature. After 59 days, sometime 
during which the stirrer broke down, the mixture was poured into 1.5 1 of 
water. Examination of the crude straw-colored lower layer by fmr spectroscopy 
showed complete reaction. The crude product was drawn off and mixed with 60 
ml of diethylamine; the mixture darkened and became warm. After 48 hours that 
mixture was poured into water and the lower layer was separated and stirred 
overnight with 60 ml of 96% H2$0^. The product was distilled in vacuum direct- 
ly from the H2S0^, redistilled in vacuum from solid KOH, dried over CaCl2 and 
filtered to give 97.8 g of water-white mobile liquid, 74.6%. JPL-AB-31 is a 
new compound. 

The product was redistilled at atmospheric pressure to obtain a sample 
for testing and analysis. 
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21 . 5 ,5 ,6,6-Tetra-H-perf luoro-4,4, 7 , 7-tetranethyldecaiie 


(JPL-AB-32) 


CF3CF2CF2C (CFg) 2CH2COOH 
(A) 


NaOMe.MeOH 

“2e" 


(CF3CF2CF2C(CF3)2-CH2)2 

(B) 


The Kolbe oxidation of acid (AB-39, p 3-64) was conducted in the appara- 
tus used in the synthesis of JPL-AB-14. Sodium metal, 0.2 g (0.0086 moles) 
was added to 120 ml of anhydrous methanol placed in the electrolysis flask. 

(For a description of the apparatus see Reference 20). After the sodium 

reacted, 18.0 g (0.0476 moles) of acid A, were added. The product is immisc- 
ible, co-distills with methanol, and was collected in a Dean-Stark water 

separator. The end of the electrolysis was determined in the reaction by the 
change of pH to basic. The yield of crude product was 13 g, 82.2%. The 

product was purified by a short path distillation, B.P., 82®C at 14 mm. 
JPL-AB-32 is a new compound. 
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22. l-(Perfluoro“t-butoxy)butane 


(JPL-AB-33) 


(CF2)3C0H 


+ KOH- 


(CF3)3C0K 


CH3CH2CH2CH2I 


(CF3)3C0CH2CH2CH2CH3 


DMSO 


DMSO 


Solid KOH (85% pellets, 10 g, 0.15 mol) was added to 125 ml of DMSO with 
stirring. After 30 minutes at room temperature the mixture was cooled to 10'*C 
and perfluoro-t-butanol (25 g, 0.105 mol) was added. The reaction mixture was 
stirred for another 30 minutes and n-butyl iodide (18.4 g, 0.1 mol) was addev'. 
After 20 days of stirring at room temperature the product was isolated as in 
preceding examples. Yield 22 g, 71%. The product was purified by preparative 
GC. Boiling point 86®C at 733 imn; D = 1.35 g/cm^. JPL-AB-33 is a new com- 
pound. 

Calculated For: CgH^F^O (292.14): C, 32.89%; H, 3.11%; 0, 5.48%; F, 

58.53%. 

Found: C, 32.67%; H, 3.18%. 

C, 32.56%; H, 3.00%. 
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i,3-Bi8(perfluoro-t-butoxy)propaae 


(JPL-AB-34) 


(CF3)3C0H + K0H-^(CF3)3 
DMSO 


COK + ICH 2 CH 2 CH 2 I 
DMSO 


(CF3)3C0CH2CH2CH20C(CF3)3 


This ether was prepared as in the previous exasiple, (JPL-AB-33) from 25.0 
g perfluoro-t-butanol, 10 g KOH and 14.75 g (.0498 mol), of 1,3-diiodopropane. 
After 22 days the mixture was worked up as before. Yield 12 g, 50% based on 
perfluoro-t-butanol. The crude product was contaminated with a second compon- 
ent, which was separated by preparative GC and identified as (CF3)3C0CH2CH = 
CH 2 . JPL-AB -34 is a new compound. 


Calculated for: CjjH^Fjg02 (512.13): 

6.25%. 


C, 25.80%; H, 1.18%; F, 66.77%; 0, 


Found: C, 26.06%; H, 1.45%. 


Calculated for: C^H^F^O (276.10): C, 30.45%; H, 1.83%; F, 61.93%; 0, 


5.79%. 

Found: C, 30.22%; H, 1.85% 
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24. 2,2,5 |5-fetraMthylhexine 


(JPL-AB-35) 


N«OHe,NeOh 

(CH3)3CCH2C00H - * (CH3)3CCH2CH2C(CH3)3 

-2e" 


The Kolbe oxidation of 3,3-diaethylbutanoic acid vaa done aa deacribed in 
the preparation of JPL-AB-32, uaing 20 g of acid and 125 nl MeOH containing 
aodituB BMthoxide (MeONa) produced froa 0.2 g of Na aetal. The aethanol solu- 
tion was diluted with water, the oil which separated was extracted with ether, 
the ether extract was dried over HgSO^ and evaporated under vacuus. The yield 
of crude product was 10 g, 50%. nie product was purified by short-path distil- 
lation at ata. pressure. Boiling point IIS^C at 732 an. JPL-AB-35 is a new 
coaqiound . 


Calculated for; CjqH 22 (142.28); C, 84.41%; H, 15.58%. 
Found: C, 84.22%; H, 15.25%. 
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25. Perfluoro-2-nethyl-2-pentyla«ine (JPL-AB-36) 

(by the reduction of 2-(p-nitrophenylazo)-perfluoro-2>nethylpent«ne) 

CF,CF,CF.(CF,),CN-N-C,H,-p-NO, + Zn(Hg) + HCl 

3 2 2 3 2 6 4 2 CH^COOH 

CF2CF2CF2(CF^)CNH2 + p-CgH^(NH2>2 

Crude azo coaipound, 5.15 g, (0.109 nol) was dissolved in 200 nl acetic 
acid at room tesiperature. To the solution was added 100 nl of 37 percent HCl 
and 40 g of granulated analganated zinc, in portions. Initially, the mixture 
was kept cold in an ice bath, but as the reaction moderated it was let wara to 
room temperature. An additional 50 ml of 37 percent HCl was added and the 
mixture stirred overnight. By the next day all the zinc was consumed, so an 
additional 20 g of Zn(Hg) and 50 nl of 37 percent HCl added, and stirring 
continued for 24 hours more at room teBQ>erature. 

On the third day, excess Zn was still present. A reflux condenser and 

Dean-Stark trap were attached, and the mixture slowly heated to reflux with an 

oil bath. Twenty two point eighty four (22.84) g (after drying over CaCU) of 

10 ‘ 

volatile f luorochemicals were collected as a dense lower phase. The F nmr 
spectrum of the product mixture showed about 20 mol-percent of material with 
peaks consistent with the desired product, as well as the major product, 
CF 2 CF 2 CF 2 (CF 2 ) 2 CH. Neat CF^SO^H, 4.7 g, was added to convert the amine pre- 
sent to a salt and permit separation from neutral material; the mixture became 
warm and separated into two liquid phases. Mien the volatile neutral material 
was vacuum distilled (20 torr) into a dry-ice cooled receiver, the residue 
solidified. About 50 ml of water was then added to the crude residual salt. 
A lower liquid phase formed, which was steam distilled from the acid. The 
crude amine so obtained weighed 7.02 g and appeared about 80 percent pure by 
NMR (yield about 15 percent). JPL-AB-36 is a new compound. 

A sample was obtained for analysis and spectra by preparative g.c. 

Calculated for CgFj 3 NH 2 (335.06); C, 21.51%; H, 0.60%; F, 73.71%; N, 
4.18%. 

Found: C, 21.60%; H, 0.64%; N, 4.10%. 
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26. Perfluoro*>2-*aethyl'*2-’peBtylaRiiQe 


(JPL-AB-36) 


(inproved preparation froa 2-phenylazo*‘pernttoro-2-awthylpeatane) 

CF3CF2CF2(Cp3)2C-HaH-CgH5 Zn(Hg) + CF^COHi 

CF3CF2CF2(CF3)2CNH2 + 

Dry powdered potasaitM fluoride, 50 g (0.86 Ml), perfluoro-2-aethyl‘*2- 
pentane, 100 al (160 g, 0.53 m1) and diaethylforMaide, 500 al, were CMibined 
and stirred aagneticaily under a dry nitrogen blanket in an ice«bath vdiile 
benzene diazoniiai fluoroborate, 96 g (0.50 ">ol} was added in portions. At the 
end of the addition, the aixture was au for 30 ainutes, then filtered by 
suction into a 2L flask conti.\iing about one L of water. The flask and filter 
cake were rinsed with ether. The c<Md>ined filtrate and ether washings were 
made basic by addition of 40 g of NaOH. The ether layer, totaling about one 
L, was separated, washed several tiaes with 5% NaOH, with IN H2S0^, with 
saturated NaCl, and dried overnight over CaCl2> 

Evaporation of the ether in vacuua, taking care to keep the tea^erature 
below 50®C, gave lb4.6 g (0.39 Ml, 73%) of crude 2“phenylazo-F-2-methyl- 
pentane as an orange oil, suitable for reduction to the aaine. 

Azo coiq)ouod, 21.2 g, (0.050 m1) was dissolved in 125 g technical 
CF3COOH (1.10 Mies). To the solution was added, with stirring, 10 g (approx- 
iaatcly O.iS g-atoa) of 20 aesh aaalgaaated zinc, and the aixture was stirred 
at room temperature. The zinc had been previously aaalgaaated by washing with 
dilute HCl and stirring with 10 percent of its weight of HgBr2 in aqueous 
solution. 

19 

The mixture has examined after 15 days by F NlQl, and at that time the 
reduction was found to have gone to completion, as evidenced by the disappear- 
ance of the original gem-(CF3)2 peak 12.3 ppm downfield of the TFA peak, and 
the appearance of a new gem-(CF3)2 multiplet at 5.5 ppm downfield of TFA. (In 
a subsequent run on 4 times this scale, the reduction was approx isuitely 30 
percent complete after six days at room teaq>erature. ) 
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Thirty ■! of 96 percent sulfuric acid was added to the reaction Mixture, 
forming a heavy gray precipitate of ZnSO^. Host of the TFA was distilled from 
the mixture at aUMSpheric pressure; 105 g was so recovered. Water was then 
added cautiously in small portiotis otrough the reflux condenser until arast of 
the ppt dissolved. The product amine was collected by direct steam distil- 
lation and separation from the co-distilled water, ^le yield of crude pro- 

19 

duct, showing no ia^urities by F nmr, was 13.2 g, 79 percent, l^e work-up 
takes advantage of the very weak basicity of the amine, which is protonated by 
96 percent M2SO^, but liberated when the acid is diluted with water, so it can 
then be separated by steam-distillation fr<» zinc, aniline salts, and sulfuric 
acid. 
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27. Attempted Preparation of Perflnoro-2-methyl-2-pentylamine (JPL-AB-36) 
by reduction of 2-(p-Nitrophenylayo-perfluoro-2-methylpentane 


P-02N-CgH^-N=N-C(CF3)2CF2CF2CF3 


Sn, HCl 
(CH3C0)20 


CF3CF2CF2(CF3)2CNH2 


'^0 1 g (0.107 mol) of crude azo compound was dissolved in 227 g acetic 
anhydride and stirred with 35.6 g mossy tin (0.300 g-atom) in a 3-neck flask 
equipped with a reflux condenser. 100 ml of 37% hydrochloric acid was added 
in small portions. A vigorous reaction ensued and all of the tin dissolved. 
A two-phase reflux was noticed, and after the reaction slowed a Dean-Stark 
trap was inserted between the pot and the reflux condenser. A dense, mobile 
lower phase of volatile product was collected by applying heat to the reaction 
flask. The crude product was separated, dried over CaCl 2 and examined by FHR 
spectroscopy. It was found to consist of essentially pure CF 3 CF 2 CF 2 (CF 3 ) 2 CH, 
recognizable by the distinctive splitting pattern of the geminal CF 3 groups 
coupled to the lone hydrogen. No signal for geminal CF 3 *s in the place ex- 
pected for the amine could be detected. The yield of crude C^Fj 3 H was 23.4 g, 
68 %. 
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(JPL-AB-37) 


2B. AtteMpted Preparation of 2-Tert-butoxy-per£luoro-2 
nethylpentane 

CF3CF2CF2(CF3)2C0H + (CH3)2C-CH2 CF3CF^CF2(CF3)2C0C(CH3)3 

Twenty five point one (25.1) g (0.0747 taol) of pertluoro-2-methyl-2- 
pentanol was placed in a length of 15 mn Pyrex tubing closed at one end. The 
! tube was cooled to -78 and 4.96 g of isobutene (0.0884) condensed in. The 
tube was sealed and let warn to roon temperature. The mixture was homogene- 
ous. After 24 hours the tube was chilled, opened, and let warm back to room 
temperature. In the process, most of the isobutene boiled off. A PI® spec- 
trum of the mixture immediately after warming showed no evidence of the desir- 
ed - 00 ( 0113)3 After 24 hours at room temperature in the narrow-necked 

tube the net weight of the contents was 25.55 g. 




29. Attempted Preparation of Perfluoro-2-nethyl-2-pentanol (JPL-AB-38) 

by direct O2 oxidation of Perfluoro-2-methyl-2-pentyl potassium 

(CF3)2C=CFCF2CF3 + KF + O2 CF3CF2CF2(CF3)2C-OH 

Sixty one point four (6l.4)g (0.205 mol) perfluoro-2-methyl-2-pentene, 20 
g (0.344 mol) anhydrous KF and 100 ml N-methyl-2-pyrrolidinone were combined 
in a 500 ml pressure bottle and stirred magnetically. Air was displaced from 
the bottle by repeatedly filling it with ©2 to 25 psig and releasing the 
pressure, then the bottle refilled with 25 psig of O2 and stirred at room 
temperature for 22 hours. No significant pressure drop occurred. The pres- 
of the carbanion was confirmed by adding 25 ml of ethyl bromoacetate 
(0.226 mol) and stirring long enough for the reaction to go to completion. 
The mixture was worked up in the usual way and the known CF2CF2CF2(CF2)2 
CCH2CO2C2HJ isolated in 81% yield (67.4 g); no signals consistent with CF2CF2 
CF2(CF2)2C0CH2C0^C2 Hj, the product which would have been expected from the 
desired alcohol, could be detected in the FMR spectrum of the crude ester. 
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30. 3,3-Bis(trifluoromethyl)-4,4,5|5,6,6,6‘Heptaf]uorohexanoic (JPL-AB-39) 
acid 


85% KOH 


CF3CF2CF2C (CF3 ) 2CH2COOH 


CF3CF2CF2C (CF3 ) 2CH2COOC2H5 


C2Hj^OH 


The ester, (JPL-AB-24) 68.4 g (0.16 moles) was saponified with a 20% 
excess of KOH (pellets) in 100 ml 84% ethanol. After stirring at room temper- 
ature for 48 hours, the solution was diluted to 500 ml with water and extract- 
ed with ethyl ether. The aqueous layer was acidified with HCl to ~ pH 2. The 
oil which separated was extracted with ether, the extract washed with water, 
dried over MgSO^, and evaporated on the rotary evaporator. The yield of crude 
acid was 52.7 g, 83%. An analytical sample was obtained by suspending the 
acid in hexane, cooling the suspension to -20®C and filtering off the crystal- 
line product. JPL-AB-39 is a new compound. 


Calculated For: CgHj302 (378.104): C, 25.41%; H, 0.79%. 


Found: C, 25.32%; H, 0.97%. 
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31 . 4,4, -Bis (trifluoronethyl )-l,l,l,2,2,3,3, -heptaf luoro-6- ( JPL-AB-40) 

octene 

KF,NaI 

(CF2)2C=CFCF2CF3 + CH3CH=CHCH2C1 CF2CF2CF2C(CF3)2CH2CH=CHCH3 

DMA 

R.T. 

A one-liter 3-neck flask was charged with 40 g of dry, ball-milled KF and 
500 ml of dry dimethylacetamide. The mixture was stirred magnetically and 
134.6 g (0.449 mol) of perfluoro-2-methyl-2-pentene and 54.3 of technical 
"crotyl chloride” (0.60 mol), consisting of approximately 80% CH 2 CH=CHCH 2 C 1 
and 20% CHjCHClCH=CH 2 , added. The flask was stoppered and let stir at room 
temperature. After 17 hours stirring was stopped and the lower phase examined 
by FMR; only starting perfluoroolefin was present. Sodium iodide (5 g, 0.033 
mol) was added and stirring was resumed. The lower phase was examined again 
24 hours later; this time the reaction was essentially complete, the FMR 
spectrum of the starting perfluoroolefin having been replaced by the charac- 
teristic multiplets of the perfluoro- tert -hexyl group. After three more hours 
of stirring 75 ml of morpholine was added to destroy unreacted crotyl chloride 
and aay remaining perfluoroolefin, and the mixture stirred overnight at room 
temperature. After 18 hours, the reaction mixture was poured into ca. 1.5 
liter of water; the lower fluorochemical phase was separated and washed once 
with a solution 3 M in HCl and 0.5 M in The total crude product weigh- 

ed 130.4 g, 77.7%, and was substantially pure as judged by FMR and PMR 
spectroscopy. Before hydrogenation, the crude product was dried over CaCl 2 , 
distilled at aspirator pressure, let stand overnight over solid KOH and dis- 
tilled again. JPL-AB-40 is a new compound. 

Calculation for C^qH^Fj^ (374.14); C, 32.10%; H, 1.89%; F, 66.01%. 
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Found; C, 32.22%; H, 2.01%. 












(JPL-AB-41) 


32. 4,4-BiB(triflM romethyl)~l,l,l,2,2,3,3-heptafIuoro'‘6- 
aethyl-6-heptene 


KF,NaI 

(CF3)2C=CFCF2CF3 C1CH2C(CH3)=CH2 CF3CF2CF2(CF3)2CCH2C(CH3)=CH2 

DHA 

R.T. 


Dry, finely ground potaasium fluoride (40 g), dimethylacetamide, 500 ml, 
perfluoro-2-methyl-2-pentene, 125.6 g (0.419 mol), and 3-chloro-2-methyl-l- 
propene, 55.6 g (0.613 mol) were combined and stirred at room temperature. No 
evidence of product formation was found after 17 hours, so 5 g of Nal was 
added and stirring continued. After 24 hours more the reaction was judged 29% 
complete. After a total of 350 hours, 50 ml of morpholine was added, and 24 
hours later the reaction was worked up as in the preceding example. The yield 
of crude distilled product, judged substantially pure by FMR and PMR, was 
128.7 g, 82.1%. JPL-AB-41 is a new compound. 

A sample was purified for analysis by preparative gas chromatography. 

Calculated for CjgH^Fjg (374.14): C, 32.10%; H, 1.89%; F, 66.10%. 

Found: C, 31.94; H, 2.00. 
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33. 2-(p*nitrophenyl«zo)*perfluoro*2-Mtbylpentane 


(JPL-AB-42) 


(CF3)2C*CFCF2CF3 + KF + p-N02-CgH^-N2+BF^- ■> 

CF3CF2CF2 (CF3 ) 2C-N*N-CgH^-p-N02 

A Bixture of 118 g perfluoro-2*aethyl-2>peatene (0.392 aol), 45 g dry, 
powdered potassiuB fluoride (0.78 doI) and 500 al of dry diaethylacetaaide was 
cooled to -16”C and stirred under a blanket of nitrogen while 93 g (0.393 nol) 
of p-nitrobenzenediazoniua fluoroborate waa added in aaall portions. Stirring 
becaae difficult as the Bixture becaae porridge-like, and the temperature was 
let rise to 0^ by the end of the addition. After stirring about 0.5 hour 
Bore, the Bixture was filtered by suction, and the flas* and filter-cake 
rinsed well with ether. Water, ca. one L, was added to the filtrate, and the 
product was extracted into ca. one L of ether, including the washings above. 
The ether extract was washed with 5% potassiua hydroxide solution several 
tiBes, once with dilute sulfuric acid, once with saturated brine, dried over 
CaCl 2 , and taken to dryness in vacuuB. Hie crude azo coBpound was a red 
orange oil weighing 151 g, essentially pure by 19F nar, 82% yield. 

The product (4.9 g) was purified by coluBn chroaatography. The column (1 
X 30 cm) was packed with Silica Gel 60; 70-230 aesh, EM Reagents-Catalog Nr 
7734. 

The product was eluted with petroleum ether and twenty 10 ml fractions 
were collected. Fractions 7 through 12 were coabined and evaporated to dry- 
ness to yield 1.26 g of oil. A saaple was further purified for analysis by 
crystallizing the oil from cold (-30®C) petroleum ether. JPL-AB-42 is a new 
compound . 

Calculated for: Cj 2 H^Fj 3 N 302 (469.17): C, 30.72%; H, 0.86%; N, 8.96%. 

Found: C, 30.44%; H, 0.92%; N, 9.66%, 10.03%. 
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SECTION IV 


I ' 


PHYSICAL CHARACTERIZATION 

Iq this section the various methods of physical characterizations used 
during the second year of the effort are described. The previously reported 
numerical methods for the calculation of physical properties of fluorocarbon 
materials (Reference 20) were upgraded. In the following subsections, results 
using these upgraded methods and the contributions of technical material by 
the University of Southern California, Rockwell International Science Center, 
and the University of Utah Research Institute are described. Supporting data 
and information are presented he>*e lud in the pertinent appendixes. 

A. ESTIMATION OF HEAT OF VAPORIZATION FROM BOILING POINT DATA ^HILDEBRAND'S 
RULE) 

Reevaluation of Hildebrand's Rule for the estimation of heats of vapor- 
ization of fluorocarbons from boiling point data: from the boiling point (Tg 

at 760 mm Hg) , the heat of vaporization (AH^) may be estimated by means of the 
semiempirical Hildebrand's rule (Eq. 1 and 2). 

M^298 ■ "2550 23.7 + 0.020 Tj^2 

K 

or in terms of the boiling point at 760 mm Hg: 

-23.7 + [651.7 + 0.08 (2950 + AH )]^^^ 

= o7o4 

It was pointed out to us by Prof. R. L. Scott (UCLA) that Hildebrand and he 
did not include fluorocarbon data in the original rule (Iq. 1 and 2) because 
of a lack of reliable data (1950). The data in the literature since 1950 is 
extensive enough to :ow us to compute a new relationship for fluorocarbons 
which is: 

AH^ = 0.0724 Tjj^ -17.17 T, + 0309 (3) 


( 1 ) 

( 2 ) 
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HEAT OF VAPORIZATION AT 25®C (coloriM/iM>l«) 


lOILING POINT, I (®C) 


.40 0 40 90 120 160 



Figure 4-1. Plots of Hildebrand rule (curve B) and 

that of Perfluorocarbon Materials (curve A). 
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In tens of the boiling point; 


♦17.17 ♦ 1294.9 - 0.2896 (5309 - AH (4) 

= 572445 

Equation (3) is a least-squares coaqputer curve fit based on 19 fluoro- 
298 

carbons whose and boiling point values were found in the literature or 

calculated by us from vapor p'*essure-te^perature data. The 19 compounds 
include straight chain fluorocarbons, one substituted ring, one ring, 
two substituted rings, one decalin, one substituted decalin, and two per- 
fluoro tertiary amines. 

Figure 4-1 is a plot of both Equations (1 and 3). As can be noted, 

fluorocarbons have a higher heat of vaporization than hydrocarbons on a boil- 

298 

ing point basis, nils is especially true in the lower AH^ range (5,000 - 
9,000 cal) after which the fluorocarbons parallel the hydrocarbons fairly 
closely. 

B. ESTIMATION OF PROPERTIES BY GROUP ADDITIVITY METHOD 

Estimation of solubility parameters and molar volumes by the group addit- 
ivity method: our previous group contributions for the energy of vaporization 

(Ae^) and molar volume (Av^) have been re-examined using the new form of 
Hildebrand’s rule for fluorocarbons (Eq. 3). 

In formulating a group additivity system, it is desirable to have energy 
298- 

of vaporization (A£^ ) and density data on a large variety of homologous 

compounds from which the individual group contributions can be calculated. 

298 

Research uncovered 19 fluorocarbons whose AH^ or vapor-pressure/temperature 

data appeared good. But, operating on the assuaiption that Equation 3 is a 

298 

good first approximation to estimating AH^ for a large number of compounds 
since a great amount of boiling point data is availalle for fluorocarbons in 
the literature. 
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Thus, by taking the boiling points for perfluorobutane and perfluoro* 

298 

pentane one can calculate their individual which can be used to cal* 

culate -RT). The difference between the two 

values is the group contribution of a ~CF 2 '‘ to the energy of vaporization. By 
using the boiling points for the straight chain fluorocarbons fron C3-C13 one 
can get 10 values for the Ae^ of •CF 2 ‘‘ which can then be averaged. 


CF 3 CF 2 CF 2 CF 3 
b.p. = 271. 9«K 
AHy^®® = 5991 cal/mole 
AE^^^® = 5399 cal/mole 


CF3CF2CF2CF2CF3 
b.p. = 302. 5®K 
AH^298 _ g^3g cal/mole 

AE^^®® = 6146 cal/mole 


6146 - 5399 = 747 cal/mole for -CF 2 * 

3 

Also, from the density data, one can calculate the molar volume, V cm / 
MW 

mole, (V = — ) and analogously get the group contribution of a 
D 

-CF 2 “ to the molar volume. 


CF3CF2CF2CF3 

= 1.527 g/cm® 
MW = 238.03 
V = 155.9 cm®/mole 


CF3CF2CF2CF2CF3 
= 1.604 
MW = 288.04 
V = 179.6 cm^/mole 


179.6 - 155.9 = 23.7 cm®/mole for -CF 2 - 


Table 4-1 contains a list of the fluorocarbon group additivity values 
calculated by us and the hydrocarbon values published in a paper by R. F. 
Fedors (Reference 7). (Polymer Enginering and Science, 14, 147-153, 1974.). 
Table 4-2 gives a summary of the physical properties of these materials. 


c -T, 
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Table 4>1. Groi^ Contributions to the Energy of Vaporization and Holar 
Volume at 25®C 


Group 

cal/mol 

V cm^/mol 


CF 3 - 

1933 

54.8 


-CF^. 

783 

23.1 


-CF- 

-396 

-15.0 


-CFH- 

422 

18.6 


-C- (Perfluoro) 

-1515 

-38.3 

-i 

-0- (Ether) 

8 

19.0 

i 

-N- (3® Amine) 

-914 

16.3 

1 

Ring: 5 atoms 

2023 

37.7 

I 

Ring: 6 atoms 

2272 

39.9 

f 

(CFjjjC- 

4284 

126.1 

i 

CF3CF2CF2C(CF3)2“ 

5850 

172.3 

< 

CH 3 - 

1125 

33.5 


-CH 2 - 

1180 

16.1 


-CH 

820 

-1.0 


1 

-C- 

1 

350 

-19.2 
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C. ESTIMATION BY USE OF SATO EQUATION 


Estimation of vapor pressures by use of the Sato Equation (Hydrocarbons 
and fluorocarbons): materials that have high vapor pressures tend to have 
adverse physiological effects when used in artifical blood substitute formu- 
lations. Therefore, it is desirable to have sosm method of predicting the 
vapor pressure before synthesis is attempted. 

K. Sato has pointed out that the molar entropy of vaporization (AS^^ of 
normal (i.e., non-polar) liquids is related to their vapor pressures P (in mo. 
Hg) at given temperatures as follows: 


AS^ = 


AHv 


= aR(|) 


(5) 


This relationship was derived from Hildebrand's general rule that compounds 
have equal AS^'s at equal vapor densities. To make it more useful Eq. 5- was 
recalculated in terms of P (pressure in nan Hg): 


1 



K. Sato, however, calculated the constants a and p based on the vapor pres 
sure/ temperature data for ten hydrocarbons. We essentially duplicated Sato's 
calculation with ten fluorocarbons and determined new a and p values which 
match the literature values for the vapor pressures of fluorocarbons much more 
closely than Sato's original values. Sato's constants for hydrocarbons and 
our values for fluorocarbons are: 

Hydrocarbon a = 11.8822 p = 0.8810 (Sato's values) 
Fluorocarbon a = 12.2497 p = 0.8846 


Table 4-2 presents the calculated vapor pressures of some fluorocarbon and 
hybrid-fluorocarbon materials and, when available from the literature, their 
measured vapor pressures. The accuracy is good enough to make decisions on 
the feasibility of use as an artificial blood substitute. 

Table 4-3 gives a suimnary of the physical properties of these materials. 
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D. EHUISION STABILITY CRITERIA (ROCKNELL INTERNATIONAL SCIENCE CENTER) 


For the stabilization of fluorocarbon eaulsions for artifical blood 
substitute applications, a nuaber of nonionic Mulsifiers tiere investigated. 
Stabilization characteristics were described largely in terns of satirical 
observations. Consequently, the optinization of new fluorocarbon-eaulsifier 
syst^is requires extensive experiaentation. The purpose of this research was 
to atteaqpt to provide a basis for the developMnt of quantifiable physical/ 
chemical criteria for the stability of artifical blood emulsions and thus aid 
in the design and optinization of new systeas (see Appendix B). 

This study focused on the role of interfacial phenoaena between the 
fluorocarbon and the aqueous phase. Inasmuch as stabilization with nonionic 
macroamlecules is controlled primarily by dispersion and polar inteiaolecular 
forces, rather than by the electrostatic effects which control ionic surfact- 
ants, our investigation was limited to the fluorocarbon-surfactant water 
system in the absence of electrolytes. Although effects of electrolytes 
should be investigated as an extension of this study our overall conclusions 
should not be affected. The fluorocarbons studied were perfluorotributylamine 
and perfluorodecalin; the surfactant was Pluronic F68 (Wyandotte Chemical 
Corp.), a commonly used surfactant for artifical blood formulations. 

Fluronic F68 is an A-B-A triblock copolymer with A=polyethylene oxide 
(PEG), and B=polypropylene oxide (PPG). In this type of surfactant, B is the 
segment which is anchored to the fluorocarbon; A is the stabilizing segment 
which is highly soluble in water, i.e., the dispersion medium. Results of 
quantitative measurements of interfacial tension and surface energetics analy- 
sis are detailed in the subsequent section, along with the description of a 
model for micelle formation. This discussion provides an interpretation for 
the observed decrease in interfacial tension between the fluorocarbon and the 
aqueous phase and for the oncotic pressure effect that has been observed for 
the Pluronic emulsifier. The discussion in the remainder of this section is 
based entirely on data from the literature, and hence is only qualitatively 
correct. The stabilizing effect depends on the solution thermodynamics of 
PEG. It has been established that the thermodynamic theta-temperature (i.e., 
temperature of incipient precipitation for infinite mol wt polymer) for the 






stabilizing segaent is nearly identical to the critical flocculation te^era- 
ture for the oiulsion. Addition of electrolyte tends to raise the theta-toqp- 
erature. This suggests that in the absence of electrolyte the owlsion should 
be stable in the range between rooa tei^erature and body tei^erature, but that 
once the ^nilsion is adjusted to physiologic conditions it nay becoM unstable 
at anbient tca^erature. 

Particle size should be ainiaized in order to allow passage through 
capillaries in the circulatory systea and to enhance gas exchange. It was 
observed, however, by Geyer that if the particle size gets below about 300-500 
%, viscosity increases draaatically. The viscosity of an eaulsion depends on 
the voluTC fraction of the dispersed phase and on inter-particle interactions. 

If one assumes that the Pluronic PPO segment is strongly absorbed on the 
fluorocarbon particle, and assuming as a lower limit to the thickness of the 
hydrated PEO layer its theta-dircnsion, one arrives at a thickness of about 50 
^ for PEO aol wt 3,500. It is common practice to have the initial eamlsion 
(prior to adjusting for physiologic conditions) contain about 20-24 wt% fluoro- 
carbon, which translates into about 12 vol%. However, if one considers a 300 
S particle size, the PEO 50 % layer would increase the volume fraction to 
nearly 30%, whereas for large particles the volume fraction increase would be 
negligible. A large increase in viscosity for coBq>arable particle size-vol- 
uae-fraction ranges was reported for latex suspensions. To derive a quantita- 
tive viscosity-particle size relationship, the determination of a scaling 
parameter to account for interparticle interactions would be required. 



Table 4>2. Eatiaated Vapor Pressure for s<nm Fluorocarbons at 25 


COMPOUND 

^EST. 

AH^298 

BOILING 

POINT 

#760aB 

LIT. 

BOILING 

POINT 

@760flMi 

^ST. 

VAPOR 

PRESSURE 

# 25 ®C 

LIT. 

VAPOR 

PRESSURE 

@/T«C 

CF3CF2CF2CF2CF3 

6807 

32 

29 

519 

646/25 

CF2CF2CF2CF2CF2CF3 

7590 

59 

57 

202 

220/25 

<D- 

8316 

81 

76 

92 

106/25 

0 

9070 

102 

102 

43 

35/25 

dxD 

10608 

141 

142 

11.1 

6.6/25 

0d) 

11362 

158 

160 

6.1 

2.1/25 

CH3CHF{0CF2CF(CF3)]2F 

%ni 

94 

104 

57 

56/37.5 

(CF3)2CF0(CF2)5CF3 

9918 

124 

121 

19.9 

39/37.5 

l(CF3)2CF0CF2CF2l2 

10608 

142 

135 

10.5 

10/37.5 

CF3CHF(OCF2CF(CF3)l3F 

11110 

152 

152 

7.4 

10/37.5 

CF3CHF(0CF2CF(CF3)1^F 

13438 

201 

194 

1.4 

1.9/27.5 

|(CF3)2CF0CF2)^]2 

13812 

208 

199 

1.1 

3/37.5 

CF3CHF[0CF2CF(CF3)]3F 

15766 

244 

224 

0.4 

0.4/37.5 

(Cf'^C¥^CF^CF^)^H 

12524 

183 

174 

2.6 

2.5/37.5 


1. Calculated from the values in Table I. 

2. Calculated by equation 4. 

3. Calculated by equation 6 using the values for fluorocarbons. 


4-9 



E. TECHNICAL CONTRIBUTIONS 

Technical contributions were aade by the University of Southern Calif- 
ornia. These were consolidated and made available to specialists in the field 
through current literature (see Appendices C,D,E,F, and G). 
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Table 4-3. Sumoary of Physical Properties 
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calculated froa the values in Table 4-1. 


SECnON V 


BIOLOGICAI. EVALUATION 


A. BIOLOGICAL SCREENING 

Uader contract witB the Jet Propulsion Laboratory tor "Synthesis and 
Biological Screening o£ New and laproved Fluorocarbon Coapounds for Use as 
Artifical Blood Substitutes", the Utah Bioawdical Test Laboratory (UBTL) as- 
suMd responsibility for the biologic screening of new fluorochaaical (FC) 
coapounds that were oynthesized by the Jet Propulsion Laboratory. The main 
goal of the study was to test the proaise that froa the s 3 mthesi 8 of novel 
fluorocarbons, candidates for safe horaglobin substitutes could be found, and 
specifically to test each cospound for gross toxicity and tissue retention in 
aice. Results of the second year’s study are included in the UBTL Report 
(Appendix H). 

B. TISSUE CULTURE EVALUATION 

Tissue culture studies on 10 compounds were carried out by Professor 
Geyer of Harvard University. The desirability of obtaining a baseline for 
results frMB the overall program was agreed i^on at the contractor's meeting 
held at Air Products, Allentown, PA, May 1977. The results of Dr. Geyer' s 
tests are given given in Appendix I. 

C. COMPUTER ANALYSIS 

A new coaputer program was subnitted (for use with an HP-97 computer) 
under the category nsae "Physical Sciences Chemistry". Given the chemical 
structure of a f luorochemical , the program calculates certain physical char- 
acteristics at 25”C (see Appendix 1). 
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APPOTDIX a 

mouse toxicity test protocol 



APPENDIX A 


MOUSE TOXICITY TEST nOTOCOL 


After the eoapoundt «r« prepared for itttra-peritoneal injection, 
"Abaorption Verification Studiee” are perfotaed ee folloeat 

Three nice for each conpound ere injected intra**peritoneel with 
20X v/v MMilaien in a doee of 100 nl/kg of body weight. They ere 
obeerved contimiouely for the first half hour, then at least every 
half hour until the end of the sec<md h « it tot 2 hours end finally 
every 2 hours through the 24th hour. A standard protocol for 
observation of intoxicated eninels is mployed, end findings era 
recorded on e check-off sheet, flie nice are sacrificed after 24 hours 
(unless they died earlier) end their peritcmeel cavities washed for 
recovery of the conpound. This helps to establish whether lack of 
aortslity, when it occurs, is due to lack of toxicity or leek of 
sbsorptim. 

If the nice die during this test, rad if the controls do not, it 
is sssuaed that the test conpound was absorbed. However, the three 
test nice do undergo the peritoneal wash. 

After the peritoneal wash, one of the three nice is placed 
ianedietely in fomeldehyde for later histopsthologicel study und the 
other two undergo iHtole body hoaogenisetion so possible netsbolites 
can be extracted. The three control aice arc injected with the P1-P68 
solution (S.76Z). 

If the nice do not die during the Absorption Verification 
Studies, a new group of three nice is injected intrs-peritoncelly with 
the srac dose (100 al/kg) of body weight end observed for 2 weeks for 
death and/or toxic effects. Doses of 10 al/kg end 1 ml/kg are also 
eteinistered. This is the Mouse Toxicity Test . If e test conpound 
passes this test, it is recoenended for re-synthesis in larger 
quantity, eralsification and in vitro blood testing before going to 
the more coaplete exchange transfusion (blood replacraent) rat tests. 
If death or toxicity occur during the House Toxicity Test then other 
doses will be considered, if additional toxicity data are decMd 
desirable. 
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A SURFACE ENERGETICS ANALYSIS OF 
ARTIFICIAL BLOOD SUBSTITUTES 

By 

0. H. Kaelble 

Science Center, Rockwell International 
Thousand Oaks. California 91360 

J. Moacanin 

Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 

ABSTRACT 

The surface and Interfacial tensions for fluorocarbon aqueous emulsions 
used In artificial blood substitutes are evaluated over a wide range of 
surfactant concentrations. The surface tension of the nonionic surfactant In 
water Is directly correlated to the Interfacial tension between aqueous and 
fluorocarbon phase by a surface energetics model of Isolated dispersion and 
polar contributions to Interfaclal work of adhesion and Interfacial tension. 
This study shows that the polymeric surfactant which Is an A-B-A triblock 
copolymer where A = polyethylene oxide and B » polypropylene oxide displays 
prominent surface and Interfaclal tension transitions at c » I.IO'^ and 
c =0.10 weight fraction detergent in water. The c = 10’^ transition is 
shown to produce a prominent change in the extensibility of the fluorocarbon 
to water interface and formation of a strong interfaclal film which enhances 
emulsion stabilization. 
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INTRODUCTION 


The first use of fluorochenical liquids to carry dissolved oxygen and 
carbon dioxide In a 11qu1d>11qu1d Interface oi^nator ivas rep(»rted In 1965 by 
itow1ett» (hjndos «td Sablston^^^ C1«rk «nd Gk>11an In 1966 showed that «1 m 
could survive while fully Innarsed In o)Qfgenated liquid fluorocarbon^^^. 

Cl«rk and Go11«n also showed In late 1^ that m Isolate rat heart perfused 
with a fluorocarbon elision would continue to funct1<m^^^. 6ey«r «id 
co-workers In 1968 used perfluorotrl butyl mine (FC 43 ot 91 Co.) In water 
emulsIcMfi as a blood sid>st1tute to Maintain live rats In (Mire oxygen 
atmospl^re^^K Geyer and co-workers have cx>nt1nued to develop better 
fl-jorocarbon emulsions so that by 1974 a total blood replatoitont of rats had 
been deimwstrated^®*®^. These rats survive In jHire oxygen atmosphere while 
rebuilding their material blood c«lls and serum proteins and continue to live 
normally afterward. 

Tto stabilization of fluorocarbon emulsions In blood or blood substitute 
media remains as an Important problem which has not been fully defined and 
made subject of systematic study. The difficulty of other workers to 
reproduce Clark's and Geyer *s clinical survival rates appears traceable to 
variability In the preparation and stabilization of the fluorocarbon 
emulsion^^^. As defined by Geyer, the term "artificial blood substitute" 
should be resarved for synthetic preparations that substitute for both red 
cells and plasma protelns^®^. Symbols and nomenclature for the principal 
physical or mathematical terras used In this discussion are summarized In 
Table 1. 
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Current Concepts for Emulsion Stabilization 

A general discussion of emulsion stabilization by Schnolka enumerates 
the following factors which enhance emulsion stabilization In artificial blood 
substitutes^®^: 

1. Reduction of Interfaclal tension. 

2. Formation of a strong Interfaclal film. 

3. Relative partial solubility of the surfactants In the two phases. 

4. Surfactant chemistry relative to the two phases. 

5. Formation of an electric double layer. 

The high molecular weight Pluronic® (Wyandotte Chemical Corp.) surfactants 
were discovered by Geyer to be highly effective fluorochemical enwlslflers for 
artificial blood^^*®^. The optimum emulsion has a maximum particle size of 
less than one-half micron diameter to permit easy passage through the smallest 
capillaries^®^. Tte most widely used surfactant Is Pluron1c®F68 which 
Is an A-B-A triblock copolymer with A = polyethylene oxide (PEO) (segment 
molecular weight = 3500 gm/mol) and B = polypropylene oxide (PPO) (Mg = 

1750 gm/mole) with the following structural formula^^^: 

H0(CH2-CH2-0)^-(CH-CH2-0)jj(CH2-CH2-0)^H (1) 

C«3 

where the nun*er of segment repeat units are c ^ 75 and b == 30. 

The discussion of Schnolka^^^ indicates that the HLB index (HLB = 
Hydrophile Lipophile Index) is used as a basis for selecting emulsifiers and 
defining stability of fluorochemical emulsions. Inspection of the HLB index 
as detailed by Griffith^^®^ shows that this system is empirically based and 
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highly siH)Jective In application. The HLB system states that surfactants with 
loM M.B values Mill tend to form Matar In oil (W/0 emulsions). Conversely, a 
surfactant with high HLB value should form oil In water (0/W) emulsions. For 
nonionic surfactant, such as Pluron1c®F68, the HLB nuirtjer appears to 
merely Indicate the weight fraction of the hydrophilic portion of the 
molecule. Evidently, the current theory of emulsions and HLB criteria for 
emulsification require son» refinement for application in artificial blood 
> substitutes. 

A coherent explanation of the well documented blocompatiblllty and 
j emulsification efficiency of the Pluron1c®F68 block copolymer surfactant 

presents a major test of the theory of emulsions. Kaelble and Moacanln^^^^ 
i have recently applied a surface enwgetics analysis which Isolates competing 

I 

I 

‘ hydrophobic (dispars ion -d) and hydrophilic (polar-p) mechanisms of bonding to 

I 

redefine bioadhesion and thromboresi stance for both biological and 
cardiovascular implant surfaces. Nyilas and co-workers have also 
applied an analysis using separated dispersion 7^ and polar 7^ components 

! 

of implant surface tension to analyze for cardiovascular compatibility. This 
recent approach to the present adsorption theory analysis of bioadhesion 
applies the new concept of defining the interfacial tension between phases i 
and j by the following general relation for interfacial tension^^^’^^^ : 

where a = v/y and ^=/y ^ denote the respective square roots of the 
dispersion-d and polar-p parts of surface energy and 1 ,. describes 

* J 
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interactions defined by ionic-covalant bonding theory. A related detailed 
equation for interdiffusion bonding presents the following relation for 
interfacial heat of mixing AH., as follows^^^^: 

* J 

where .V^j is the mixing volume and<^., the volume fractions of the 
mixed conq?onents from the adjacent i and j interfacial phases. The solubility 
parameters sP, andS^ for phases i and j define the respective 
dispersion (d), polar (p), and hydrogen bonding (h) mechanisms of mixing and 
Aii denotes an excess term describing ionic-covalent bonding. The formation 

* J 

of stable micro emulsions (of particle size m 1 0.5 micron) is predicted to 
require the minimization of both andAH^j. As mentioned above, 

Eq. (2) has been successfully applied in earlier studies to determine surface 
energy requirements f(r thromboresistance^^^*^^^. The solubility parameters 
described by Eq. (3) have been extensively applied by Hansen^^^^ in 
empirical definitions of polymer solubility. 

Water is by far the most important single substance encountered in 
bioadhesion and biocompatibility. In Eq. (2) the surface tension of water 
(at 20 C) is described bya,^ = 4.67, 7.14 (dyn/cm)** in bioadhesion 
analysis^^^’^^^. In Eq. (3) the solubility parameters for water of 
8^, 8*^ = 6.0, 15.3, 16.7 (ca1/cc)** are assigned by Hansen^^^^. Thus 
both the surface energy and the bulk cohesive energy density 8^ for 
water are dominated by polar-p or hydrogen-h bonding contributions. The 
primary objective in this study of emulsion stabilization in artificial blood 
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Is to delineate the role of the Pluron1c®F68 surfactant in stabilizing the 
aqueous emulsion of perfluorotributyl amine and perfluorodecalin. 


EXPERIMENTAL 


Control materials for this study were kindly provided by 0. D. Lawson 
and T. Terranova, JPL, and are described in Table 2. In this study the usual 
electrolytes and buffers described by Geyer^®^ in fully formulated 
artificial blood substitutes are excluded in order to focus the analysis on 
the interaction between water, Pluronic®F68 surfactant, and fluorochemical 
conponents . 

A water solution of Pluronic F68 was coated on a glass plate and dried 
to fwm a smooth adherent film. This solid film of P1uronic®F68 was 
characterized by contact angle measurements with both interdif fusing liquids 
such as water and absorption liquids such as l-bromonaptha1ene and 
h-hexadecane. A standard set of test liquids with measured surface tension 
reported in Table 2 were employed. The following equations for absorption 
interactions are applied in data analysis^^^^: 


y 


i 


y 

w 


s 

a 



= (1 + cos e ) 




= 2(«L «s 


(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 
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where the nomenclature of Table 1 details the meaning of terms In Eqs. (4-8). 
The above relations form the basis for designing experiments for surface 
energy analysis which Isolate the discrete mechanisms of polar and dispersion 
bonding at Interfaces. The test liquids In Table 3 display a wide range of 
polar character mth j3^/a^ = 1.53 for water to = 0 for nonpolar 

hexadecane. Inspection of (8) shows that using uwasured values of W. for 

a 

liquids of known and)8j^ permits Isolation of the solid-vapor surface 
properties and as the respective intercept and slope of a plot of 
Wj^/2o^ vs. ^ • 

For Interd If fusing test liquids such as water on dry P1uron1c®F68 
coatings a time dependent contact angle Is displayed which reaches a 
minimum steady-state value 6 as shown In Fig. 1 as the Interdiffusion process 
approaches an equilibrium at the advancing contact angle boundary. As shown 
In Table 3 and Fig. 2 a group of Interdiffusing liquids show nonpolar solid 
surface properties = 4.8 and = 0 for Pluronic ®F68 coating. Polar 
liquids which Interdiffuse Into the coating Impact their own polar surface 
properties to the swollen coating. As shown In lower Table 3 and the upper 
curve of Fig. 2 the extensive interdiffusion of water into the Pluroni c® 

F68 coating shifts the solid surface properties tr = 4.8 (dyn/cm)** and 
(3^ = 6.97 (dyn/cm)^ to become essentially equivalent to bulk water. The 
transformation of surface properties shown for water Interdiffusion correlates 
with the nwlecular mi cellular structures shown in Fig. 3 where the dry 
Pluroni c®F68 film would expose the nonpolar and hydrophobic PPO center 
segments to the air phase as shown in the left view. Upon water swelling the 
hydrophobic center segments form small spherical domains where the highly 
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swollen PEO end sepents are nom exposed to air. Recent surface energy 
analysis of protein analogs by Kaelble and Moacanln^^^^ shows that values of 
and are sensitive Indicators of prior exposure to polar or nonpolar 
liquids whid) modify the protein chain cwformatlon and surface chemistry. 
Sherman, Smith, »)d Johannessen^^®^, postulate somewhat similar micellular 
transitions for block copolymer fluorochemical textile finishes which contain 
hydrophilic PEO center segments under exposure to water swelling. 

The surface energy and surface morphology transitions shown respectively 
in Fig. 2 and Fig. 3 for Pluron1c®F68 should be expected to play an 
1n^)ortant role In the mechivilsm by which this nonionic surfactant forms stable 
fluorochemical emulsions. For combined surface and Interfacial tension 
studies of artificial blood components the special Du Nuoy ring experiment 
shown in Fig. 4 was developed and applied. As shown in Fig. 4 the upper 
liquid phase Is triple distilled water plus solvated Pluroaic^F68 
(phase 1) while the lower liquid phase is fluorocarbon. Water or water plus 
Pluronic®F68 forms a zero contact angle to the flame cleaned 
platinum-iridium ring In both air and fluorocarbon. The ring is raised at 
constant rates y * dy/dt * + 0.05, + 0.1, and +0.5 cm/mln to measure phase 1 
surface tension ’'iv and lowered through the 12 Interface to measure 
Interfacial tension Phase 1 Is then removed to measure phase 2 surface 
tension by raising the ring through the phase 2 surface. Counterweight 
(CW) as shown in Fig. 2 Is added to ring to offset the bouyancy effect of the 
more dense fluorocarbon phase 2 on the measurement of 7^2 Interfacial 
tension. 





T(Kse Interfaclal tension measurements Implemented the programmed 

mechanical control and automated weighing system of an Instron TT*M tensile 

0 

testing Instrument. Tests were conducted at ant lent temperature 22 + 0.5 C 
and a ring translation rate y = dy/dt * + 0.10 cm/mln with alternative rates 
of y » + 0.05 and + 0.5 cm/mln reserved to check for rate dependence of 
surface or Interfaclal tension values. Measurements of y^y, y^g* and 
y 2 y were conducted for a wide range of solution concentrations defined as 
c * weight fraction Pluron1c®F68 In distilled water. A series of typical 
recorded curves of Du Nuoy ring force versus deflection through the phase 1,2 
Interface at different concentration c levels of Pluron1c®F68 In distilled 
water are shown In Fig. 5. The conversion of these measured force versus 
deflection data to calculated values of surface or Interfaclal tension y^ 
utilizes the standard correction factors of Haskins and Jordon as extended by 
Zuidema and Waters In the following relations^^®*^^^: 


’'ij - ■ ’’f 


( 8 ) 


F 


a + 


4bP + 

(irR)^ (D-<l) 



(9) 


It should be noted that Eq. (9) and Eq. (10) are ordinarily applied In the 
lifting of an interfaclal or surface film against gravity where the algebraic 
signs of the vector quantities F and g are considered positive. In the 
measurement of y ^2 described in the present study wherein the ring Is 
lowered through the 12 Interface the algebraic signs of both F and g are 
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negative and the meaning of Eq. (9) 1$ unchanged. In Eq. (9) the general 
definition of densities D and d In Table 1 define the respective receding and 
advancing phases relative to direction of ring motiwi which correctly reverses 
the sign of the density difference (D-d) to correlate with the algebraic sign 
of P. These definitions define both the lifting and lowering of the Uu Nouy 
ring fot respective surface and Interfaclal tension measurement. 

Multiple autographically recorded measurements of the ring force versus 
ring deflection were recorded at each concentration level of surfactant. The 
curves of Fig. 5 show a reguler rise In m to a maximum value -m > M where . by 
definition, both m and y become negative for Interfaclal tension measurement 
which involves ring lowering. Curves as shown In Fig. 5 are extremely 
reproducible and provide reproducible values of M well within + 0.5% variation 
which represents the accuracy of Instron weighing system calibration and 
recording. The maximum force values Mj^y and M |2 are converted by Eq. (9) 
and Eq. (10) to the calculated surface tension and interface tensions 
y ^2 values reported In the data sunnarles In Tables 4-6. 

RESULTS AND DISCUSSION 

The data of Tables 4-6 report the y^y, 7^^% and T 2 y values measured at 
constant displacement rate y * i 0.10 cm/mln. Higher and slower rates 
y » ♦ 0.05 and + 0.50 cm/mln did not alter M over the range of surfactant 
concentrations studied from values reported at y * + 0.10. The curves of 
Fig. 5 reveal Important Information In addition to the maxlmixn force M. At 
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lOM surfKtant concentratiwi c< 1.0*10'^ ring force def1ect1(m curves 

display a characteristic MaxiRMjm followed by well defined Interfax failure 

with a rapid drop of (tef1ect1<m force to zoro. At higher surfactant 

-6 

concentratlois as shown by c > 3*10 a (tefinite Interface yielding with 

nearly constant m precedes Interface failure. At still higher surfactant 

-4 

ojncentratlon c ■ 1.0*10 ttw curves of Fig. 5 sIkw a characteristic 
maxImiNn deflectlo) for^ followed by extended deflection at essentially 
o)nstant fcrce without Interface fracture. The transition In fracture 
properties of the 12 Interfcce with Increasing surfactant concentration 
appears associated with fo'inatlo) of strong Interface films. 

The cu-ves of Fig^. '-8 more clearly delineate the effects of surfactant 
concentration by plots of log c versus y^y, Tjg. «nd ygy. The sigmoidal 
transltlcw shown In the j 2 cu»“ves of Figs. 6-8 at Pluron1c®F68 
concentrations log c > -7 to -5 are clearly associated with the trans1t1c»i In 
the extensibility and fracture properties of the fluorocarbon to aqueous phase 
Interface. At still higher Pluronlc®F68 concentrations of c - 0,1 to 1.0 
curves of Figs. 6-8 show that the magnitude of y^g becomes less than the 
fluorocarbon surface tension y^y ^d tends to decrease toward y ^2 ^ 0 as 
Pluron1c®F68 concentration increases to c » 1.0. 

All surface tension measurements on the three fluorocarbons shown In 
Fig. 6-8 showed no change In "^2V due to prior contact with either water or 
aqueous Pluroni c®F68 solutions listed In Tables 4-6. This result Is shown 
by the flat dashed curves of '^2V In Figs. 6-8 and reflects the well known 
incompatibility of Inert fluorocarbons with either hydrocarbon or aqueous 
phases . 


B-12 



The upper curves of Figs. 6-8 show that the aqueous phase surface 


tension closely parallels the curves for Interfaclal tension over 
substantial portions of the wide range of surfactant concentration studied. 
The end point of these tq>per .r^y curves Is shown In Figs. 6-8 to a>1nc1^ at 
c • 1.0 with the dispersion surface tension values y^> 23.8 * 0.8 dyn/c« 
determined for solid films of pure Pluron1c®F68 In the data mialysls of 
Table 3. The extrapolated md point of ^12 ‘ ® at c • 1.0 Is develop^ 
through analysis of the relation of Yj 2 to Vjy In terms of tlw dispersion 
and polar definition adsorption bonding as expressed In Eq. (2). A simple 
model for the aqi^ous phase surface tension first assumes that 7^^ 

21.8 + 1.0 dyn/cm Is essentially Independent of of Pluronic F68 
concentration so that: 


a 


1 


21.8 


( 10 ) 


4 


^IV 


21.8 


( 11 ) 


A second assumption for the fluoroca.'bon phase 2 would assume a negligible 
po1«' contribution to surface tension so that r/, . j 

T 2 y Is (tescribed by the following relation: 

■ >'|v 

• 0 (13) 

Introducing the above relations In Eqs. (10-13) Into Eq. (2) provides with 
rearrangement the following special relatlor.; 
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■ [4.«7-{yj,)'‘]* (14) 

■ yjy - 21.8 (15) 


Ratrringing Eq. (2) to solve for the ex^ss turn $u4>st1tut1ng 

Eq. (14) and Cq. (15) provides the following relation: 


A 


12 


21.8 ♦ - 



(16) 


Calculated values of A ^2 obtained by si^stltutlcm of ex. aental values of 
^12* ^IV’ ^2¥ tabulated In the right coluws of 

TM)les 4>6 for each concentration c of Pluron1c^F68 In wa*''^ The lower 
curves of Figs. 6*8 plot ttese A ^2 versus c for the three artificial 

blood systems studied. These oirves show that A ^2 generally low with 
respect to measured values of surfatt and InterfKial tension for all three 
systems. In omcentratlon regions where r^y and r ^2 cl^tP^oy maxlaxjm 
concentration (tependence, at c 


10"^ and 10'^ one notes In Figs. 4-6 that 


A ^2 maximizes for al» three systems: 

The low amplitude of Aj 2 In relatiwi to yj 2 » ^iv* ^2V 
reconfirms the validity of the dispersion and polar force model In the surface 
energetics analysis of artificial blood. The maxlmoa In A ^2 
Pluron1c®F68 concentration c » 10’^ evidently correlates with the change 
In Interfax deformation response shown In Fig. 5. The second maxlflxjm In 
Aj 2 it high Pluron1c^F68 concentratloi c »10‘^ evidently relates to 
the imyrphology transition shown In Fig. 3. 
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i 


A general study of the Interdiffusion bonding and bulk solution 
properties of Pluronic F68 In water appears as a logical extension to the 
present study. The low concentration c * 10“^ Inflection In and V |2 
functions of Figs. 4-6, for example, are strongly suggestive of Incipient 
colloidal structure formation between the hydrophobic PPO segments and 
oriented absorption of these Pluron1c®F68 center segments at the IV 
surface and 12 Interface as described In the experiment of Fig. 4. In studies 
of lyophlllc sole formation by rK)n1on1c surfactants of the following 
structure^^®^: 


“2 <»n « 

it Is shown that polymolecular hydrate shells are formed around colloidal 
particles by oriented surfactant adsorption. The above alkyl ether of 
polyethylene oxide is a simpler structure analog to Pluronic®F68, see 
Eq. (1), and suggests a similar result obtains in the fluorochemical emulsions 
in artificial blood. Based on a hydrated polymolecular shell model for 
emulsion stabilization the in^ortance of the interdiffusion Interaction of 
Pluroni c®F68 with the electrolyte and buffer, constituents of artificial 
plasma formulations remains a subject of much more detailed study. According 
to Geyer^®^ typical electrolytes include NaCl, KCl, MgCl 2 or MgSO^, 

NaH2P0^ and CaCl 2 . Buffers such as bicarbonate, phosphate, lactate, 
glucose and glycerol have been Incorporated in some formulations. 

The adsorption-interdiffusion theory which is briefly described in 
Eq. (2) and Eq. (3) appears as only one form of a broad range of theoretical 
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models for short and long range Interfacial forces. As pointed out In a 
recent review by Israelachvlll and Nlnhan^^®^ many theories are presently 
conv)et1ng as tools f(r 1nterpretat1<Ki of bioadhesion phenomena and current 
theory of long range f(»rces Is presently In a very dynamic state of 
development. 

This study has focused on the role of Interfaclal phenomena between the 
fluorocarbon and the aqueous phase. In as much as stabilization with nonionic 
macromolecules Is controlled primarily by dispersion and polar Intermolecular 
forces, rather tha« by electrostatic effects which control Ionic surfactants, 
our Investigation was limited to the fluorocarbon -surf actant water system In 
absence of electrolyte. Although effects of electrolyte should be 
Investigated as an extension of this study our overall conclusions should not 
be effected. This discussion provictes an Interpretation for the observed 
decrease In Interfaclal tension between the fluorocarbon and the aqueous phase 
and for the oncotic pressure effect that has been observed for the Pluronlc 
emulsifier. It would appear from this study that Important contributions to 
the Pluronlc F68 emulsion stabilizing effect depends on the solution 
thermodynamics of PEO end segments. It has been established that the 
thermodynamic theta-temperature (I.e., temperature of Incipient precipitation 
for Infinite mol. wt. polymer) for the stabilizing segment Is nearly Identical 
to the critical flocculation temperature for the emulsion. Addition of 
electrolyte tends to raise the theta-temperature for PEO from about 25°C In 
absence of electrolyte to about 40°C In 0.4 M electrolyte; salts of divalent 
metals raise the theta-temperature more than nonvalent metals. This 
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suggests that in absence of electrolyte the emulsion should be stable in the 
range between room temperature and body tender ature, but that once the 
emulsion is adjusted to physiologic conditions it may become unstable at 
ambient temperature. 

Particle size should be minimized in order to allow passage through 

capillaries in the circulatory system and to enhance gas exchange. It was 

observed, however, by Geyer that if particle size gets below about 300-500^, 

that viscosity increases dramatically. Viscosity of an emulsion depends 

on volume fraction of the dispersed phase and on inter-particle interactions. 

If one assumes that the Pluronic PPO segment is strongly absorbed on the 

fluorocarbon particle, then assuming as a lower limit to the thickness of the 

hydrated PEO layer its theta-dimension, one arrives at a thickness of about 

S0% for PEO mol. wt. 3,5(K). It is common practice to have the initial 

anulsion (prior to adjusting for physiologic conditions) contain about 20-24 

wtX fluorocarbon, which translates into about 12 volX. However, if one 

considers a 300)i particle size, the PEO 50X layer would Increase the volume 

fraction to nearly 30X, whereas for large particles the volume fraction 

increase would be negligible. Large increases in viscosity for comparable 

particle size-volume-fraction ranges was reported for latex 
(231 

suspensions.' ' To derive a quantitative viscosity-particle size 
relationship the determination of a scaling parameter to account for 
interparticle interactions would be required. 
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SUMMARY AND CONCLUSIONS 


This study shouvs that surface and Interfacial tensions In artificial 
blood systems (which exclude electrolyte and buffer constituents) are amenable 
to surface energy analysis In terms of separated d1sp«rs1on-d and polar-p 
Interactions as def1n»l by Eq. (2). This result suggests that application of 
separated d1spers1on-d, polar-p, and bydrogen-h bonding Interactions as 
expressed by Eq. (3) may be applicable in first approximation analysis of the 
Interdiffusion aspects of colloidal stability In artificial blood systems. 

The Du Nouy ring experiment Identifies several In^ortant attributes of 
Pluron1c®F68 effects on fluorochemical emulsion stability In water which 
are: 

1. At concentrations of P1uron1c®F68 of c > 1*10“® weight 
fraction the water-fluorochemical Interface deforms without 
rupture. This formation of a highly deformable interfacial film 
is accompanied by a reduction In interfacial tension which further 
stabilizes the fluorocarbon emulsion. 

2. Commercial artificial blood compositions^®^ which en^loy a 
weight fraction c * 0.02 to 0.04 of Pluronl c®F68 In water 
display a aqueous phase surface tension =^22 dyn/cm and 
y^^y “ 20 dyn/cm which closely matches the solid surface 
properties of adsorbed protein films deposited from blood on 
Implant surfaces^^^^ and thus may explain the biocompatibility 
of these emulsions. 
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3. 


At normal Pluron1cV!yF68 concentrations of c 


0.02 to 0.04 the 


Interfacial tension ^he fluorocarbon in water slightly 
exceeds the fluorocarbon surface tension and displays a highly 
extensible interf«£ial film which appears to enhance emulsion 
stabilization. 
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Table 1; Nomenclature of Principal S^ols 


Symbol 


fteaning 


>SV 


“s.^s 


«a 


’’ij 

M 

9 

R 

F 

P 

D, d 
r 


11qu1d-vapor surface tension 

solid-vapor surface tension 

square roots .of the respective (London) 
dispersion (Keesom) polar 

parts of >Lv 

square roots^of the respective (London 
dispersion and (Keesom) polar 
parts of y$V 

nominal work of adhesion 

steady-state advancing liquid-solid 
contact angle 

surface or interface tension 
maximum ring force (gm) 

980.665 dyn/gm 
ring radius = 0.95413 cm 
ring correction factor 
Mg/4irR 

densities of the respective receding and 
advancing phases 

ring wire radius = 0.01767 cm 

constant: a = 0.7250, b = 9.075 10"^, 
c » -1.679, d = 4.534 10-2 
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Table Zi Study Naterlals for Fluorochemical 
fawTslons^ln Blood 

Material and Treatment Density 25 C (gw/cc) 

IteslgnatloiT 


Perfluorotrlbutyl a«1r« 
tech, grade (3M Co. FC43) 

None 

1.900 

Perfluorotrlbutyl am1r« 
(JPL* 92077 control) 

Distilled 

1.900 

Perfluorodecalln PP-5 
(JPL* 91977 control) 

Distilled 

1.946 

Pluronic®F68 
(UBTL* 9^ control) 

Solid Flake 

1.060 

Water 

Triple Distilled 

0.997 


*JPL > Jet Propulsion Laboratory, Pasadena, Ca. 

♦UBTL « Utah Biological Testing Laboratory, Salt Lake City, Utah 
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Table 3: Contact Angle Measuraiwnt and Surface Energy 



Analysis of Pluson1c^68 Cast Film (Test Liquid Properties from Ref. 

14) 




e 

*'*a 


^l/“l 

Wa/2aL 

No. 

Liquid 

jdyn/cm) 

(deg) 

(dyn/cm) 

(dyn/cm) 


(dyn/cm)*i 

1. 

Water 

72.8 

10 

144.5 

9.34 

1.53 

15.47 

2. 

Glycerol 

64.0 

90 

64.0 

11.66 

0.94 

5.49 

3. 

Formami de 

58.3 

15 

114.6 

11.37 

0.90 

10.08 

4. 

Ethylene glycol 

48.3 

32 

89.3 

10.83 

0.81 

8.25 

5. 

1-bromonapthalene 

44.6 

65 

63.5 

13.36 

0.00 

4.75 

6. 

Glycol PG-E200 

43.5 

41 

76.3 

10.62 

0.74 

7.18 

7. 

Tricresylphosphate 

40.9 

41 

71.8 

12.52 

.21 

5.73 

8. 

Glycol P6-15-200 

36.6 

76 

45.5 

10.20 

.64 

4.46 

9. 

Glycol PG-1200 

31.3 

56 

48.8 

9.90 

.53 

4.93 

10. 

n-hexadecane 

27.6 

32 

51.0 

10.51 

.00 

4.85 


Solid surface ena^gy (based 

on liquids No. 2, 

5,8,,9,10) 




» 4.90 + 0.38, « 

0.00 (dyn/cm)** 





y^ » 24.9, y^P 

•0 

« yd + 

yP = 24.9 (dyn/cm) 




Solid surface energy with water interdiffusion (based on liquids 
No. 1,5,10) 

* 4.80 + 0.05, * 6.97 (dyn/cm)** 

yg * 23.0, yP * 46.6, y« y'^ +yP = 71.6 (dyn/cm) 
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Table 4: Surface and Interf^al Tensions of 

Phase 1 ■ Pluronic(5)F68 In Distilled Water and 
Phase 2 • FC43 (W w.) Tech-6rade Perfluoro- 
trl butyl amine 




nz 

(dyn/on) 



Ai 2 (calc) 


0 

72.4 

53.2 

17.5 

2.4 

3.10-9 

70.1 

51.1 

i 

1 

2.6 

1-10-8 

69.4 

50.8 



3.0 

3-10-8 

69.3 

51.7 



4.0 

1-10-7 

62.9 

50.5 



9.2 

3-10-7 

58.2 

47.5 



10.9 

MO-6 

56.6 

37.6 



2.6 

3-10-8 

54.4 

34.5 



1.7 

1-10-5 

52.1 

32.2 

(Coi 

istant) 

1.7 

3-10-5 

50.5 

30.1 



1.2 

1-10-^ 

48.9 

29.8 



2.5 

3-10-4 

48.6 

27.6 



0.6 

1-10-3 

46.5 

26.4 



1.5 

3-10-3 

45.9 

26.0 



1.7 

CM 

1 

o 

43.7 

24.3 



3.2 

3-10-2 

42.3 

23.0 



2.3 

1-10-1 

35.6 

21.0 

17 

f 

.5 

7.0 
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Table 5: Surface and Interfac^l Tensions of 

Phase 1 ■ Pluronic ®F68 In Distilled Water md 
Phase 2 • Pwfluorotrlbutyl amine (JPL* 92077) 


c Tfu 

(dyn/CTi) (dyn/on) 



0 

72.6 

55.3 

17. 

6 

4.3 

3*10-9 

72.6 

53.8 



2.8 

1*10-8 

70.1 

53.9 


i 

5.4 

3*10-8 

67.3 

53.9 



8.2 

1*10-7 

61.7 

53.1 



13.0 

3*10-7 

59.8 

46.4 



8.2 

1*10-8 

57.4 

37.8 



2.0 

3*10-8 

54.5 

34.2 



1.3 

1*10-5 

49.1 

32.8 

(Cor 

istant) 

5.3 

3*10-5 

51.7 

31.3 



1.2 

mo-4 

50.4 

30.1 



1.3 

3*10-4 

48.8 

29.8 



2.6 

1*10-3 

47.2 

28.1 



2.5 

3*10-3 

46.7 

26.6 



1.5 

1*10-2 

44.5 

25.2 



2.3 

3*10-2 

43.4 

23.9 



2.1 

1*10-1 

37.4 

21.0 

i 


5.2 

2.5*10-1 

33.1 

16.7 

17. 

6 

5.2 
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Table 6: Surface and Interf^al Tensims of 

Phase 1 ■ P1uron1c®F68 In Distilled Water and 
Phase 2 ■ P«rf1uoro3ka11n («^L* 91977) 


c 

(dyn)cn) 

n2 

(dyn/aa) 

0 

72.6 

55.6 

3-10-9 

71.5 

55.2 

1-10-8 

70.5 

54.8 

3-10-8 

68.4 

54.8 

1-10-7 

62.4 

53.9 

3-10-7 

60.8 

51.0 

1-10-8 

55.3 

35.6 

3-10-8 

55.4 

33.4 

1-10-5 

54.8 

32.7 

3-10-5 

52.9 

31.9 

MO-4 

51.7 

29.0 

3 . 10-4 

50.9 

27.4 

1-10-3 

48.5 

27.1 

3-10-3 

47.8 

25.3 

1-10-2 

46.0 

23.9 

3-10-2 

43.8 

22.4 

1-10-1 

41.4 

18.8 

2.5-10-1 

33.1 

14.2 


(Un/O 

19.2 4.7 

5.4 
6.0 
8.1 

13.2 
11.9 
2.0 
-0.3 

(Constant) -0.4 

0.7 
- 1.0 
- 1.8 
0.3 
- 0.8 
-0.4 
0.3 
-0.9 

19.2 2.8 
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FIG. 1 OBSERVATION OF TIME DEPENDENT CONTACT ANGLE 9 
STABILIZED AT MINIMUM VALUE 9 BY INTER- 
DIFFUSION. FOR PURE ADSORPTION WITHOUT INTER 
DIFFUSION 9 ^ 9 
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FIG. 2 SURFACE ENERGY ANALYSIS OF PLURONIC® F68 FOR ADSORPTION 
LIQUIDS (LOWER CURVE) AND FOR ADSORPTION PLUS WATER INTER- 
DIFFUSION (UPPER CURVE). 
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HYDROPHOPIC PPO 


CENTER SEGMENTS \ 



HYDROPHILIC PEO 
END SEGMENTS 


FIG. 3 POSTULATED MICELLE STRUCTURES FOR PLUR0NIC®F68 IN THE 

DRY STATE (LEFT VIEW) AND HYDRATED BY WATER INTERDIFFUSION 
(RIGHT VIEW). 
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I m 



. 0-5 

y ■ 0.1 cm/mln 
0.05 



FIG. 4 SCHEMATIC OF SURFACE/INTERFACIAL TENSION 

MEASUREMENT OF ARTIFICIAL BLOOD SUBSTITUTES. 
(1) « AQUEOUS PHASE + SURFACTANT, (2) == 
FLUOROCARBON, (3) » DuNOUY RING. 
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RING FORCE 



FIG. 5 MEASURED CURVE OF DuNUOY RING FORCE mi2 VERSUS RING DEFLECTION 
AT THE PHASE 12 INTERFACE. (Temp = DISPLACEMENT VELOCITY 

y = -0.10 cm/min, PHASE 1 = PLURONIC® F68 SURFACTANT IN 
DISTILLED WATER AND PHASE 2 = FC43 FLUOROCARBON). 
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c > WEIGHT FRACTION PLURONIC F68 IN H^O 



FIG. 6 SURFACE AND INTERFACIAL TENSIONS FOR PHASE 1 «= H 2 O 

+ PLURONIC F68 AND PHASE 2 = FC43 (3M Co. Tech. Grade 
perf 1 uorotri butyl ami ne) 
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C - WEIGHT FRACTION PLURONIC F68 IN H 2 O 



FIG. 7 SURFACE AND INTERFACIAL TENSIONS FOR PHASE 1 » HoO 
+ FLURONIC F68 AND PHASE 2 = FC47 (redistilled 
perfluorotributylamine, JPL* 92077). 
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c - WEIGHT FRACTION PLURONIC F68 IN H^O 


10‘® 10‘® 10"^ 10“^ I.O 



FIG. 8 SURFACE AND INTERFACIAL TENSIONS FOR PHASE 1 » H„0 
+ PLURONIC F68 AND PHASE 2 » perfluorodecalin 
(redistilled, JPL * 91977). 
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APPENDIX C 


PERFLUORO-3, 3-DIMETHYL-2(E)-PENTENE BY 
FLUORIDE ION CATALYZED ADDITION OF 
OCTAFLUOROISOBUTENE TO HEXAFLUOROPROPENE 


APPENDIX C 


Jiiunhil Ilf Fhiimw Oimmirv, 1 2 (I "*781 1 

O I Iwvwt S.A , l.iiivinnc I’tinieil in the NcilintlanUt 

RecciwU Sctiinnher 26, 1678 


PRELIMINARY NOTE 

Perf1uoi^-3.3-d1tnethv1-2(E)-pentene bv Fluoride Ion Catalyzed Addition 
of Octafluoroisobutene "to HexaftuoroDropene 

KIRBY V. SCHERER. JR. AND TORIA F. yprranoVA 

Oepirtment of Chemistry, University of Southern California, Los Angeles. 
California 90007 and Jet Propulsion Lahoratory, 4800 Oak Grove Drive, 
Pasadena, California 9)103 


The fluoride Ion catalyzed [1] oligomerization of perfliiorooleflns has 
been employed extensively to prepare higher homoloqs [2,3,5*10]. When 
unlike partners react, the reaction might take either of two courses, de- 
pending on which olefin accepts fluoride ion to become the nucleophile. In 
all reported cases where the structure of the product allows the mechanism 
to be Inferred, the less substituted (by carbon) olefin becomes the nucleo- 
phile, albeit at the more substituted center, 
e.g. 


CF^-CFCFj (CF3)2C-CFC2 Fj 



[2.3] 

(CF3)2C-C(C2F5)CF{CF3)2 




CF3CF-CFC(CF3)2CF2C2F5 


and 



"^4 




[9] 



'= 2^5 


^2^3 
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Thi unobi«rv 9 d reactions night havt bean expected because the tertiary anions 
should be the more abundant Intemedlates owing to their greater stability, but 
:ons 1 (terat 1 ont of steric hinderance or product stability evidently rule in- 
stead. We wish to report a counter-exai^lc. 

When a nixture of hexafluoropropene (HFP) and octafluorolsobutene (OFIB) 
[toxic] obtained by pyrotysis of octafluorocyclobutane [ 11 ] was passed Into a 
flask equipped with a dry Ice-cooled cold finger and containing a stirred 
suspension of ball-nllled. anhydrous potassium fluoride In dluntbylformamlde. 
a clear lower layer accunulated. Upon water Mshing and distillation, the 
najor coi^wnent of this layer boiled at 71-72°, lacked 1r absorption In the 
double bond region, and had a mass spectnm consistent only with composition 
C^F^^ [12]. These data plus the ^^F spectnwi establish the structure of the 
product as 1, rather than 2 which Young and Bennett report for the adduct of 
the sane two olefins over CsF at 200° [5,10]. 


E-CCFjljCCF-CFCFj 

1 


(CF3)2CFCF-C(CF3)2 

2 


The ^^F spectrum of X consists of a Sublet of doublets (J « 14.2 and 16.2 Hz) 
at -63.3 ppn (upfleld) from Internal CFCI 3 , a broadened doublet (3 ■ 16 Hz) at 
- 68.6 ppm, and a multiples at -150 ppm, in the ratio 9:3:2 [13]. The four and 
five bond couplings are somewhat larger than those reported by Schunann and 
Cavagsa for E-(CF 3 ) 2 CFCF*CFCF 3 [14], presumably owing to greater Interaction 
between ntxi-bonding orbitals In the more crowded tert-butyl compound. 

is have found X to be a ubiquitous by-product In the F* promoted chemistry 
of HFP-contamlnated OFIB; the addition of OFIB to other fluorooleflns Is under 
sti«ty. 


We would like to thank Or. K. L. Servis for measuring the 94 HHz spectrum 
of 1 and Nr. R. Haack for the mast spectrwn. This paper presents the results 
of one phase of research conducted at the Jet Propulsion Laboratory, Califor- 
nia Institute of Technology, for the National Institutes of Health, by agree- 
ment with the National Aeronautics and Space Administration. 
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1 Asints art alio uitd as catalysts [2t3]t but In such casts tbt tfftctivt 
catalyst Is probably a quattmary amonltm fluorldt fomtb In a prallnl- 
nary reaction bttMttn tbt anint and oltfin [4]. 

2 W. BrunsMll, H.T. Flowtrst R. Gregory and R.N. Nasatldlnti Chen. Com., 
(1970) 1444. 

3 S.P.y. Halasz. K. Kluge and T. Martini. Chen. Btr., (1973) 2950. 

4 R.L. Pruett. C.T. Bahner and h.A. Snlth. J. fmtr. Chen. $oc., 2i (1952) 
1633. Set also O.J. Burton. R.O. Howells and P.D. Vander Valk, Ibid .. 22 
(1977) 4830. 

5 O.A. Youi«. Fluor. Chem. Reviews, 1 (1957) 374>379. 

5 R.D. Chambers, "Fluorine In Organic Cheeilstry" John Wiley A Sons, hew York. 
(1973) 167'170. 

7 T. Martini and S.P.v. Halasz. Tetrahedron Lett.. (1974) 2129. 

8 J. thitchlnson, Fette Selfen Anstrichn. , 7$, (1974) 158. 

9 J.V. Drayton. W.T. Flowers. R.N. Haszeldine and T.A. Parry, J.C.S. Chets. 
Coen.. (1976) 490. 

10 J.A. Young and N.H. Bennett. J. Org. Chets., 22, (1977 ) 4055. 

11 D.C. England and C.G. Krespan, J. fmr. Chest. Soc., 88 (1965) 5582. 

12 n/e. X: 350(tsa), 1.80; 331, 1.56 ; 262, 1.48; 243 . 6.54 ; 212. 2.47; 193, 
1.53; 161. 4.49; 150. 1.71; 143. 2.72; 131, 6.26; 124. 2.32; 112, 1.32; 
100, 1.50; 74, 1.20 ; 70, 1.02; §g, 1^. Measured on a Finnegan Model 3200 
quadrupole Instnesent. 

13 ragi parameters were determined on a Varlan XL* 100 and are not computer 
analyzed. 

14 C. Schumann and F. Cavagna, J. Magn. Resonance, 22 (1375) 172. 
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APPENDIX D 


METHODS FOR THE ESTIMATION OF VAPOR PRESSURES AND 0)0fGEN 
SOLUBILITIES OF FLUOROCHEMICALS FOR POSSIBLE APPLICATION 
IN ARTIFICIAL BLOOD FORMULATIONS 


APPFNDIX 0 


O St^noM S.A., UwMHM - PrtM«4 M th* NMMrtw^ 

MmA i, tt7l 


t^TMOOS FOR THE ESTIMATION OF VATOR PRESSURES AflD OXYGEN SOIUSILITIES OF 
FLtK)ROCH£MlCAlS FOR POSSIBLE APPLICATK^ IW ARTIFICIAL BLOOD FOWmATlONS. 

O.D. UWSON. J. MCM^IN. K.V. SCHERC2, JR. . T.F. TEMRANOVA tnd J.D. It^AH 

Jtt ProiHi)' . ' ^ L«bor«tory. C«11fom1« InstUutt ef Ttchnclogy. AMO Otk 
Grovt Oriv., Callfornli, 91103 


SUVMRY 

A group tddUlvlty syitim hos boon gtntrattd xrtileh Mkei It poasibit 
to ottlMtt, from th« (tructurol formulai olont, tbt tnorgy of vaporization 
and Utt nolar volwi at 2S^C of many fluorocarbons and tbair dtrivativtt. 
From those two paranottrs and appropriate themodynafflic relations It It 
then possible to predict the vapor pressure and the solubility of oxy^ In 
a fluorochemlcal liquid with sufficient accuracy to estimate Its potential 
for application In fluorochemlcal emulsion artificial blood. 


INTRODUCTION 

Fluorochmical emulsion artificial blood hat received much research 
attention In recent years, owing to Its p«rc*iv«d potential use In human 
therapy, where It might balp alleviate the shortage of safe donar b1ood[1]. 
The fluerochMlcal phase In these enultlont transports oxygen and carbon 
dioxide, and must also have a vapor pressure within certain limits. If 
the vapor pressure It too high at 37^C. gat ea^ll can form In the circu- 
latory system; whereas too low a vapor pressure contributes to prolonged 
retention of the fluorochemlcal In the body[2]. Oxygen solubility It a 
point of special concern: although fluorKhemIcals dissolve much more 
oxygen than ordinary liquids, the oxy^ capacity of all emulsions so far 
prepared It well below that of normal mammalian bloods at the oxygen ten' 
Sion of aaAilent air. and Improved oxy^ solubility it a goal of current 
research. 
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As OM part of a prograai prlnclpaltjr cencamtd wltA tha sjmthtilt anO 
ttstinfi of now floorocNialcaU, mo havt soufAt to oitiMto fron chOMical 
structuro alono. pas toluOllltlos anO vapor protsurtt of fluorochaialcaU as 
an alO to opttMlio soloction of coMpoonds for synthtslt. 


CXAERIMCNTAL 

Ootalls of tAt syntAosIs of tAo noM fluorocarbon-AyOrocarbon Aybrid 
compownOs OoscrlboO lator In this paptr Mill bt roporttd In subst^^nt pub« 
llcatlons. All of tAo noM compounds had olommtal analysos and mass. 1r 
and mar and ^N) spoctra consistant ultA tAo asslpnod structuros. (bgr* 
9on solubtlltlos Moro moasurod Ay gas-solid cAromatograpAy usli^ tAo mothod 
tescribod by tAo W group[3}. TAo bulk of tAo computations uoro dona on a 
Houtott-Oackard l# (7 (rogrammsblo calculator and tAo pregraam for cauu- 
latlng vapor prossuro and oaygon solubility aro on fllo In tAo Houlott- 
Aackard Users' Frogrma L1brary[4]. ^ 


DISCUSSION ANO ACSULTS 

For noro than SO yoars, Hlldobrand and co-Morkers Aavo studied tAo 
nature of the solubility of gases In llgulds and the process of vapo .'a- 
t1on[S.S]. In the folloulng sections It Mill bo sAomo AoMtho tAonrtd;<nam1c 
rolatiwis governing tAoso pAonoaiona In conjunction ulth a group additivity 
system make it possible to ostimato the vapor pressure and oxygen solubil- 
ity o' ll^ld fluorocAemIcals from their chemical structure. TAerefore It 
Is possible to ascertain before lyntAetls idietAer or not a coa^ound Mill 
have Physical properties appropriate for an artificial blood constituent. 


A number of group additivity methods already exist In the literature 
hAIcA assume that molecular propwrtles can be partitioned among the indl- ij 
vidual fimctlenal groups and structural components of a a«lecule. Thus. ^ 
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Simply by summing the group parameters, it is possible to estimate molecu- 
lar properties from chemical structure alone. An extensive group additivity 

PQQ 

system for estimating both the energy of vaporization (aE^^ ) and molar 

volume (V) of organic liquids has been developed by Fedors[7]. Based upon 
examination of a large amount of data on simple liquids, he assumed that: 




( 1 ) 


V 


i;av. 


( 2 ) 


where the ae^ and the Av^ are the atomic or group contributions to the 
energy of vaporization and molar volume at 25°C. The deviations between 
’ the experimentally measured values and those estimated by this method for a 

number of liquids were found to be less than 10 percent. The group contri* 
butions given by Fedors, although extensive, include only tiie parameters 
i CF,- and -CF,- fo*" tiuorochemicals. 

! 

• 298 

i Our search of the literature uncovered adequate AH^ or vapor 

i pressure/temperature data for only 19 perfluorochemical s, but extensive 

f boiling point and density data was found. However, the following empirical 

■ relationship proposed by Hildebrand and Scott[8] relates the heat of vapor- 

• ization of nonassociated liquids at 25°C to the boiling point (T^K) at one 

atmosphere; 


AH^^®® ■ O.OZOTjj^ + 23.7 T^^ - 2950 


(3) 


When equation 3 was tested on the 19 perfluorochemical s for which AHy*" 
was known, the calculated and experimental values were often in disagree- 
ment by several hundred calories. Subsequently, it was brought to our 
attention[9] that no fluorochemical data were included in calculating the 
constants in equation 3. Using the data collected by us, the following 
relation for perfluorochemicals ensues: 


AH^^*® - 0.0724 T^^ - 17.17 T^ + 5309 


(4) 
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or In terms of the boiling point; 

„ 17.17 + C294.9-0 2C' 

T , ,1 ■„ ^ V, ,-r_ 


Equation 4 1$ based on least-squares computer curve fit for the 19 
• ?qr 

liquid perfluorochemical s whose and boiling point values were found 

In the literature or calculated by us from vapor pressure/temperature data. 
The perfluorinated compounds Include eleven straight and branched alkanes, 
one dimethyl cyclobutan# ring, one cyclopentane, two cyclohexanes, decalin, 
a methyl decalin and two tertiary amines. Figure 1 Is a plot of equations d 



Figure 1. Relationship between aHvi'9U and T^, for; (A) fluorochemicals and 
{D) nonf luorinated liquids. 
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ar.i1 4. As can be seen, perfluorochefflicals have higher heats of vaporization 
than hydrocarbons of the same boiling point. This Is especially true of 
those with boiling points below 300°K, after which perfluorochemical s paral- 
lel non-fluorinated liquids fairly closely. 

With the assumption that equation 4 Is a good first approximation to 
298 298 

estimating for perfluorochemical s, we calculated for a large 

number of such compounds from their literature boiling points. For example, 

by taking the boiling points for perfluorobutane and perfluoropentane, one 

2Qa pOft 

can calculate their Individual which can be used to calculate aE^ 

fran: 



-RT 


( 6 ) 


298 

The difference between the two aE^ values Is an estimate of the group 
contribution of a -CFg- to the energy of vaporization. By using the boil- 
ing points for straight chain fluorocarbons from C^-C^j, 10 values for ae^ 
of a -CF 2 * were calculated, which were then averaged. Also, from the 
density data the molar volumes were calculated from; 

V • ~ • molecular weight; 0 • density (7) 


and the av^ for -CF^- calculated in a similar way. Table 1 contains a list 
of fluorochemical group additivity values calculated In this work, as well 
as son« hydrocarbon values published by Fedors[7]. 

By summing the Individual group parameters, obtained by Inspection of 

the structural formula of a compound, the energy of vaporization and molar 

volume can be estimated before It Is synthesized. Also, by calculating 
298 

aHy from equation 6 and using this value In equation 5. a reasonable 
estimate of the boiling point may be made. Similarly, the density of the 
compound can be estimated from the molar volume by aquation 7. 

The predicted and reported boiling points for a number of perfluoro- 
chemlcals are presented In Table II. 
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TABLE 1 

Group Contributions to the Ener9y of Veporizatlon and Molar 
Volume at 250C 


Group 

ae^^®® cal/mole 

% 

cmviiwle 

Cfj- 

1933 

54.8 

-CFj- 

783 

23.1 

-CFH- 

422 

18.6 

-CF- 

-396 

-15.0 

-C- (Perfluoro) 
1 

-1515 

-38.3 

-N- (Perfluoro 3° Amine) 

-914 

-16.3 

-0- (Perfluoro Ether) 

e 

19.0 

Ring: 5 atoms 

2023 

37.7 

Ring: 6 atoms 

2272 

39.9 

CH3- 

1125 

33.5 

-CH2- 

1180 

16.1 

-CH- 

« 

820 

-1.0 

-HC* 

1030 

13.5 

1 

-C- 

1 

350 

-19.2 

-0- 

800 

3.8 


B. Estimation of Vapor Pressure 


Material that have vapor pressures over about 40 torr at 37°C tend to 
have adverse ).hys1o1og1ca1 effects Mhen used as the gas carrying phase of 
artificial blood substitute formulations. Therefore It Is desirable to 
have some method of predicting the vapor pressure before synthesis Is 
attempted. 
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TABLE II 

Calculated Bolling Point and Vapor Pressure for Some 
Fluorochemicals 


Compound 

( 1 ) 

CALCD. 

4H,298 

( 2 ) 

CALCO. 
B.P. °C 
760 torr 

(4) 
LIT. 
B.P. oc 
760 torr 

(3) 

CALCD. 

V.P. 

025OC 

(4) 

LIT. 

V.P. 

0 /TOC 

CF 3 CF 2 CF 2 CF 2 CF 3 

6807 

32 

29 

519 

646/25 

CF 3 CF 2 CF 2 CF 2 CF 2 CF 3 

7590 

59 

57 

202 

220/25 

<iV 

8316 

81 

76 

92 

106/25 

03 

10608 

141 

142 

11.1 

6.6/25 

0C^ 

11362 

158 

160 

6.1 

2.1/25 

CF 3 CHF[ 0 CF 2 CF(CF 3 )] 2 F 

8782 

94 

104 

57 

56/37.5 

(CF 3 ) 2 CF 0 (CF 2 ) 5 CF 3 

9918 

124 

121 

19.9 

39/37.5 

[{CF3)2CF0CF2CF2]2 

10680 

142 

135 

10.5 

13/37.5 

CF 3 CHF[ 0 CF 2 CF(CF 3 )] 3 F 

11110 

152 

152 

7.4 

10/37.5 

CF 3 CHF[ 0 CF 2 CF(CF 3 )] 4 F 

13438 

201 

194 

1.4 

1.9/37.5 

[(CF3)2CF0(CF2)4]2 

13812 

208 

199 

1.1 

3/37.5 

CF 3 CHF[ 0 CF 2 CF(CF 3 )] 5 F 

15766 

244 

224 

0.4 

a4/37.5 

(CF 3 CF 2 CF 2 CF 2 ) 3 N 

12524 

183 

174 

2.6 

2.5/37.5 


1. from the values in Table I. 

2 . from equation 5. 

3. from equation 9 using the a and 8 values for perfluorochemicals. 

4. from Ref. [16]. 
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From Hlldebrtnd's gentral rule that compounds have equal entropies of 
vaporization at equal molar volumes of their vapor[10], the entropy of 
vaporization for non>po1ar liquids can be predicted from a relation 
developed by K. Sato[11]. 

bUy P* 'A. 1 

aSy ■ -y- ■ oRCy)® (8) 

In terns of the vapor pressure (P In torr), equation 8 becomes: 

1 

aH j-r 

p - T (9) 

where T Is the temperature In ®K at which the vapor pressure is desired and 
R Is the gas constant In cal mole'^ Thus, equation 9 provides a use- 

ful way of estimating the vapor pressure of anon>po1ar liquid from its heat 
of vaporization when the constants a and 8 are known. Sato originally cal- 
culated a and 8 from vapor pressure/temperature data for 10 non-polar 
liquids containing hydrogen. 

New values of a and 8 for perfluorochemical s have been calculated by 
the same procedure in this work. BY plotting dP/dT vs..P/T from vapor 
pressure/temperature data, a family of overlapping curves was generated. 

The deviations of the vapor from ideality were corrected for by fitting the 
data for each substance to an equation of the form: 

^ * o(y) (10) 

and then taking the average of the a and 8 values. Using these new con- 
stants, the vapor pressure of perfluorochanlcals calculated from equation 9 
matches their literature vapor pressure much more closely than when Sato's 
original a and 8 values are used. Sato's constants and our values for per- 
fluorochemical s are: 

Non-polar liquids: a « 11.8822 8 ■ 0.8810 

Perfluorochemicals: a ■ 12.2497 8 ■ 0.8046 

OQQ 

Thus, by estimating a£„ of a perfluorochemical from the group 

V AQft 

additivity values In Table I, calculating its aHy with equations 6, and 


4 


(- 
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using equation 9 with the a end d constants for perfluorochemicals the 
vapor pressure of the compound can be estimated before it is synthesized. 
Alternatively, if the boiling point of the compound is known, its can 

be estimated from equation 4 and its vapor pressure predicted from equa- 
tion 9. Table II also contains vapor pressures of some perfluorochemicals 
calculated from equation 9 and corresponding experimentally measured values. 
It is believed that the accuracy of vapor pressures predicted by this method 
is sufficiently reliable to make decisions on the utility of new perfluoro- 
chemicals as artificial blood constituents before they are synthesized. 


Estimation of Oxygen Solubility 


In selecting gas-carrying materials for artificial blood formulations 
it is desirable to have a method of making estimates of oxygen and, to a 
lesser degree, of carbon dioxide and nitrogen solubility in candidate mate- 
rials. It is possible, using regular solution theory as developed by Hilde- 
brand and others, to make useful predictions of the solubility of a number 
of gases in a wide range of solvents. 


There are two equations based on regular solution theory that are 
frequently used to calculate gas solubilities[12]. The first is: 


0.434372(41-62) 

RT 


where the subscript 1 refers to the solvent and 2 refers to the solute. 

R is the gas constant (cal mrle’^ ®K"b. T(®K) is the temperature at which 
the gas solubility is to be estimated, 7^ is the partial molar volume of 
the gas in the solvent, 6 is the solubility parameter defined as: 




( 12 ) 


and X£ is the "ideal" gas solubility calculated from: 



(13) 
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where Is the heet of veporizetlon of the gas at the boiling point, T^, 
and T Is the tewper»ture at which the gat solubility It to be determined. 
Equation 11 gives the best results when gas and solvent molecules are simi- 
lar In size. For solutions where the molecules differ greatly In size a 
correction of the Flory-Huggins type based upon the ratio of molar volumes 
Is Introduced which alters equation 11 to [13}: 


-log *2 


, 0.43437, (4i-4z) 

i . 




(Ill 


In terms of natural logs, equation 14 Is: 


In X, 


In Xj 



♦ 



(15) 


The application of equations 14 and IS has been described by Gjaldbaek In a 
number of pub11cat1ons[14]. The pertinent constants for equation 15 when 
calculeting oxygen solubility are: 

X2 • 17.638 X 10’*; Vg ■ 46 ml. /mole; and Jg ■ 5.70 (cal./cro^) 

The value of ?2 ■ 46 ml/mole for oxygen Is the measured value obtained by 
Hor1ut1[15] In benzene and Is the value normally used. However, Horlutl's 
measurements of the partial molar volwne of oxygen In other solvents have 
shown that this quantity depends on the solvent and varies from 56 ml/mole 
In diethyl ether to 31 m1/mo1e In water, while In pure liquid oxygen at the 
boiling point It Is 28 ml/mole. 

When ?2 was changed so that values of oxygen solubility calculated 
from equation 15 agree for 24 liquid fluorocarbons reported by C1ark[16], 

It was found that 72 varies over the range of 30-50 ml/mole. It can be 
seen from Figure 2 that a reasonable correlation exists between calculated 
values of 72 for these compounds and logarithms of their entropies of 
vaporization at 25**C. If the cyclic structures are treated separately. 


D-10 



231 



Th« cquitloni of the 1ee$t tquares fit for the data and their correlation 
coefficients are: 

Open chain compounds; 

Tj • -19.85 ♦ 15.90 Inas/®® . r^ • 0.8999 (16) 

Cyclic Compounds: 

Vj • -100.15 ♦ 39.90 InaSy^*® r^ • 0.8910 (17) 






Figure 2. Relationship betwen InaSy^SS and Vj for Cyclic (0) 
and Open Chain (□) Fluorochemlcals. 
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By using tqustlon 16 or 17 In conjunction with oqustlw 15, It Is postibit 
to prtdict tho oxygen solubility of 22 compounds to «4 ml. and 14 of these 
to within ±Z ml. of their experimentally determined values. Since equa> 
tions 16 and 17 are empirical and wt have not measured the partial molar 
volum of oxygen In these solvents, no physical Interpretation of this 
relationship Is attempted. Some compounds with their calculated oxygen 
solubility and corresponding experimentally measured values are presented In 
Table III. 


TABLE III 

Calculated Oxygen Solubility of Fluorochemicals 


ronpeund 


*04« 


*V 

n 

‘as,*** 

’vjCtli. 

*024«1w6. 

«*icd/i»:. 


?6 J 

1.7SS 

8150 

195.7 

6.21 

27.34 

31.85 

58.1/57.2 


104.4 

1.656 

9U7 

272.9 

5.60 

30.68 

34.59 

52.4/55.7 


140. S 

t.S90 

10.595 

264.0 

6.16 

• 35.54 

36.92 

44.1/52.7 

(CF3)2CMCI'j)4C1 

10S 

1.77 

9283 

228.2 

6.17 

31.14 

35.82 

52.7/52.7 

(Cfj)jCfO{Crj)jCFj 

IJl 

1.721 

9789 

292.9 

5.60 

32.83 

35.66 

50.6/52.5 


102 

1.783 

9057 

233.3 

6.02 

30.38 

36.06 

51.3/52.2 

(CFjjjCftCFj/^Sr 

120 

1.977 

9749 

227.1 

6.35 

32.70 

35.60 

51.1/51.4 

CFjCHFlCCF^CF(CFj))jF 

lb2 

1.738 

11,096 

355.6 

5.43 

37.22 

37.66 

47.0/47.3 

(CFj)jCF(CF3)jC) 

151 

1.83 

11,051 

275.4 

6.16 

37.07 

37.59 

48.0/45.6 

l(CF,),CFOtCF,),.J, 

19» 

1.820 

13,342 

423.1 

5.49 

44.75 

40.59 

43.2/41.8 

0C& 

160 

1.972 

11,455 

259.6 

6.47 

38.42 

45.43 

39.9/38.4 

CFjCHFlOCFjCF(CFj)|,F 

399 

1.848 

26,477 

873.4 

5.44 

88.80 

51.48 

32.9/33.3 


1.2: 

littrtturt v«1w«i Fre« [16J. 

5: Frpi 6H,^ *n6 pp. 12. 

3: 

Frsa lit. b.p. 4n4 tp. 4 

6: Fro* 6H,*** 

4: 

Fro* lit Pnd N. 7. 

7; frbP 6$,*** 4«d 4p». 16 pr 17 



6: Frpa tp. 15 4HP 18. 


Tlwrefore, to estimate the solubility of oxygen In a fluorochemical 

from Its structure alone, and V are estimated from Table I. «, Is 

’ 2Qfi * 

calculated from equation 12, Is calculated from equation 6, and 

(• 4 H^^^/T) then determined. From 45^^^ and either equation 16 or 
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17, ?2 Is tstliMttd. TNn, using thi •stlMttd 6^, 72, and tht con- 
sunts X 2 snd $2 tquatlon IS, tiM molt fraction of oxygon, X 2 « Is 
obtalnoO. This can bo convortod to cn^ of Oj/lOO ml. of liquid at 2S**C by: 


cm. O 2 /KK) ml. of liquid 


100 


2446S 


(18) 


TACLE IV 

Sample Calculations of Physical Properties from Chemical Structure 



from Ttbit 1 

Cil/mol# 

V***emVmo1t 


7 » CF^ • 

5481 

161.7 


3 1 CF • 

1 M CFj • 

•1188 

1933 

•45.0 

$4.8 


2x6 (torn 




ring • 

4544 

79.8 



10,770 

251.3 


1. 4c/** • 10,770 ctVaele 

2. • 253.1 a«*/«io1f 

3. • 5.5$ from to. 12 

4. ♦ XT • 10,770 ♦ 592 • 11,362 Ci1/mo1t 

5. T^*X • 431 or 158®C from to. 5 

6. oj* • 2.04 from to- 7 

7. P torr > 6.1 from tq. 9 using ptrfluorochtmlul «, 4 vtiuts. 

M *** 

8. 4S^*** • JCT 7 T 5 *38.11 e4l/mo1t.®K 

9. ?2 • 45.11 em*/mo1o from oq. 17 

10. nolo fraction of diuolvod 0^ 9 25®C: * *■’" * ’*■ 

cm^Oj/lOO tm^ Of 11«)1d • 40.0 from tq. 18. 
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Table IV prttentt a taatplt calculation of all tN physical proptrtlas dis- 
cussed above for perfluorenethyldecaltn. Table V shows the calculatud and 
Matured physical properties of som fluorocarbon-hydrocarbon hybrid com- 
pounds prepared in our own research efforts. Because these co^undt have 
high hydrogen content, the agreement between calculated and measured physi- 
cal properties It not qudte at good at those for totally fluorinated 
materials. 

TABLE V 

Properties of Fluorocarbon-Hydrocarbon Hybrids 



'iM,nt 


(•K/fMMl 

Mlt/ftMS 

*w*ej/i« €■* 
ttlt/lMoi 


tw; 

iM.e 

I.U/I.M 

IH/ltl 

M.l/W.l 


11.107 

fW.I 

I.K/I.4I 

lU/IM 

4M/M.I 

Cl', »(»,!, 


m.* 

I.H/I.M 

IWIH 

«>. !/«).« 

cr,a,o,!cr,),cecH, 

tNI 

m* 

I.W/I.W 

u/ir 

M.l/M.l 

cr,c»,w,(Cf,>,rvjMii, 

N«l 

m.7 

l.il/l.ll 

II VIM 

M.VM.t 

cr,cr,cr^tcr,),cocit,M,cii, 

I0.7J7 

Ml.l 

1. M/I. II 

IM/lt. 


(Cf,l,CCM,CM,C(tf,), 

II, in 

IM.« 

I.M/wtW 

Itl/Mtl« 

M.i/- 

(CI,),COI,CM,CI<,C(CI,), 

U.IM 

m.i 

I.M/MlM 

IN/MlM 

M.l/H.t 

( 0 ,),Cta,C<Kii 04 tlt*,), 

D.IK 

iti.i 

I.M/Mll* 

l«/t*ll« 

M.I/, 

(Cf,),cci^CM,oi,CN,oi,cicr,), 

ll.OM 

UtJ 

I.U/MlU 

Ill/Ml I. 

It.l/- 

CI,CI,Cr,(CI,|,CS)t 

VH 

m.i 

•/l.M 

•m 

,/M.I 

ci,cr,cr2icr,),CN-e 

tOM 

MI.I 

•/i.tt 

•/» 



I; rm to)t I. 

fmiM. 7. 

I: frm M. I. 

frm c«. II, II MW It (III* titrltt trt ••■lUr U tM (j«llc flatncMsIuU la Utir 0. 
Mlalllltr MMvIar). 


In summary, the design of fluorochemical phases for use In artificial 
blood should have a vapor pressure of lest than 40 mm Hg at 37.5°C and an 
oxygen solubility at high at possible. In this paper we report methods for 
predicting vapor pressure and oxygen solubility for perfluorochemical s 
bated on chemical structure alone; thereby making It possible to guide syn- 
thetic strategy In the design of artificial blood substitutes. 
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F-2-METHYL-2-PENTANOL 



APPENDIX E 


£- 2 -Methyl- 2 -P«nUnol , An Easily- Prepared Perfluorinated Tertiary 
Alcohol* Kirby V. Scherer, Jr.*, Department of Cher..istry, 

University of Southern California, Los Angeles, California, 90007 , 
and Tobia F. Terranova and D.D. Lawson, Energy and Materials 
Research Section, Jet Propulsion Laboratory, California Institute 
of Technology, Pasadena, California 91103 

Abstract: F-Propene was converted to F- 2 -tnethyl pentene ( 1 ) by 

_______ 

reaction at 10 -lb®C and one atm. with KF and 18 -crown -6 in CH3CN, 
followed by refluxing with the same catalysts in CH3C0N{CH3)2. 

Reaction of 1 with KF and either NOCl or N2O4 in CH3C0N(CH3)2 at 
- 5 ° gave CF3CF2CF2(CF3)2CN0, which was oxidized to CF3CF2CF2(CF3)2C0N0 
with O2 or excess N2O4 at r.t.; hydrolysis of the nitrite 
gave CF3CF2CF'>(CF3)2C0H (2), purified by distillation from cone. 

'\i 

H2S0^; d’** 1 . 770 , bp72e 93 “C, in 57 ~ 6 S% yield from 1 . Reaction of 
2 with KOH and 0-0489! in DMSO gave 84 rF3CF2CF2(CF3)2C0-n-C4Hg, 
bp 732 138 “C, d 2 i 1 . 473 . 
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£-2-Methyl-2-Pentanol» An Easily- Prepared 
Perfluorinated Tertiary Alcohol^ 

Kirby V. Scherer, Jr.* 

Department of Chemistry, University 
of Southern California, Los Angeles 
California 90007 

Tobla F. Terranova and D. D. Lawson 
Energy and Materials Research Section, Jet 
Propulsion Laboratory, California Institute 
of Technology, Pasadena, California 91103 

Me report here an efficient synthesis of the title compound 

(^} which can be carried out In ordinary laboratory glassware from 

a relatively Inexpensive starting material and coirenon reagents. 

Fluorinated alcohols, particularly 2,2,2-trifluoroethanol and 

2-H-F-2-propanol (hexafluorolsopropanol ), have attracted attention 

2 

as specialty solvents, owing to their low nucleophlllcity, 
powerful H-bond donor ability^ and optical transparency. 
Perfluorinated tertiary alcohols as a class should possess those 
qualities as well as exceptional chemical unreactivity. 

F-tert- butanol (2), the only coiwnercially available 
perfluorinated alcohol, has received little attention as a solvent 
because of Its hlg.*" price and modest liquid range (-15 to 445“C); 
It has been prepared by disproportionation of £-acetone catalyzed 
by CsF-HgO, by halogen exchange from (CF3)2CCl3C0H, and by 
several routes from the dangerously toxic F- Isobutene.® Other 
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perfluorinated tertiary alcohols have been prepared by reaction of 
perfluorinated ketones with perfluoroorganometalllc reagents*^ and 

g 

by SbFg-catalyzed rearrangement of perfluorinated oxiranes. 

(Scheme 1) 

Our synthesis of ^ is modeled after Knunyants and Dyatkin's 
original route to 2 , but we have simplified the procedure and 
reagents. In addition, we report convenient and reproducible 
conditions for the preparation of F-2-methyl-2-pentenp i3), the 
stable dimer of £-propene, in kilogram quantities wit > use 

of pressure equipment. Alcohol 1 is thus available > to four 
steps and over 50% overall yield from £-propene, a fluoropolymer 

q 

intermediate currently priced at about $6/lb in large quantities. 

The anionic dimerization of £-propene to give 3 was described 

first in the patent literature,^® and most recently by Dmowski, 

Flowers and Haszeldine;^^ we find that reaction of £-propene with 

KF and 18-crown-6 in acetonitrile at atnwspheric pressure gives 

largely the unstable dimer, £> 3-methyl -2-pentene and that 

must be refluxed (ca, 50“C) for several days with the same 

catalyst in dimethylacetamide (DMA) to effect isomerization to 

The difference between our conditions and Dmowski, et a£'s are 

probably due to the much smaller ratio of catalyst to olefins in 

our work. We were unable to reproduce the preparation of ^ with 

1 2 

the special amine catalyst of von Halasz, e_t al . 

Addition of the elements of nitrosyl fluoride to 3 is 

% 

conveniently effected by passing either N20^ or NOCl into a cold. 
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well'StIrred suspension of powdered KF and ^ In U4A. If an excess 
of N20^ Is used, the blue nitrosoalkane ^ Is slowly oxidized In 

situ to the nitrite (6); with N0C1, 5 Is Isolated and without 

■■■ % 

purification oxidized to 6 with a slow stream of O2 at room 

temperature. The two-step procedure gave a purer product and 

seems safer, since solutions of N20^ In organic solvents have been 

reported to explode.^^ Neither 5 nor has been Isolated In 

analytically pure form and their structures are assigned by 
14 

analogy. The oxidation of 5 by N20^ or O2 probably occurs 

through a radical-chain mechanism, and takes place under milder 

6c f 

conditions than those reported for the oxidation of (CF2)3CN0 * ; 

models suggest that relief of steric repulsions as the 

CF3CF2CF3(CF3)2C* radical becomes planer may account for Its more 

ready fonnatlon versus (CF3)3C*. 

Several alkyl ethers of 1 were prepared for evaluation as the 

oxygen-carrying phase of fluorochemical emulsion artificial 
15 

blood i a typical procedure for the preparation of one of these 
Is described In the experimental section. 



Potassium fluoride was dried at 180** In a vacuum oven, ground 
In a ball mill, and manipulated thereafter In a glove box; other 
chemicals and reagents were used as received. F1iK>r1ne IWR spectra 
were measured on pre*ca11brated chart paper using a Varlan T*60 
spectrometer; the triplet of CFCI 2 CF 2 CI was used as an Internal 
reference, and 72.0 ppm was added to the observed chemical shifts 
to obtain <|i*. 

^ surrounded 

by a cooling bath and equipped with magnetic stirring, an Immersion 
thermometer, a Targe cold-finger charged with Dry Ice-1 sopropanol 
on the center neck and a CaCl^- filled exit trap. The flask was 
charged with 30 g KF, 32 g 18-crcwnr6/aceton1tr11e complex and 
524 ml of spectrograde CH^CN. F-propene was Introduced through a 
side neck directly from a cylinder at a rate such that a thin 
stream of condensate fell from the condenser tip Into the stirred 
KF suspension. The pot temperature rose Initially to 50®, but for 
the rest of the reaction was kept between 10 and 15®C by periodic 
additions of Dry Ice to the external Isopropanol bath. Refluxing 
of F-propene stopped almost Immediately If the Introduction was 
Interrupted, and the mildly exothermic dimerization resumed when 
the gas flow was re-started. After about 3 h the working capacity 
of the flask was reached, and the mixture was allowed to stir 
overnight and come to room temperature. Stirring was then stopped 
and the clear lower layer siphoned out. The yield of crude dimers 
was 2430 g; analysis by NMR Indicated ca. 27% 3 and 73% 4; trimers 

'V* \ 
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were not detected. In another run, three successive batches of 
mixed dimers totalling 8263 g were obtained using the same sample 
of catalyst, without noticeable loss of activity. 

Isomerization of 4 to 3: The 2430 g of dimer mixture was 

'WWWV/WVWVAAA/WVWW 

combined In another 3L r.b. flask with 20 g 18*crown-6/aceton1tr11e 

complex, 30 g KF, and 250 mL DMA. The mixture was refluxed under 

an efficient condenser for 13 days, when NMR analysis showed 

Isomerization to 3 to be > 95% complete. Direct distillation 

from the pot gave 2111 g of 3, b.p. 51-60®C, suitable for the 

preparation of 1. 

% 

F-2-methyl -2-pentano1 (1). A mixture of 500 mL DMA, 50 g 
<vaaaaa/va/ww\A/\a1w * 

dry KF (.86 mol) and 171.3 g 3 (.571 mol) In a one L three neck 

'V# ■ 

flask was stirred at 4 - 7*C (external Ice-salt bath) while 109 g 
N2O4 (1.18 nroles) was slowly distilled In in a slight flow of O2. 

A -28“C (boiling CF2CI2) cold finger was used to minimize escape 
of NO2. The addition was slightly exothermic and was Interrupted 
whenever the pot temperature reached +7®. Iimediately after the 
addition the reaction mixture was deep blue; NMR examination of 
the lower fluorochemical phase showed complete consumption of 
starting olefin and a single predominate product, presumably 
CF2CF2CF2(CF2)2CN0 (5, gem- CF^ quintet at 0* 63.7). The reaction 
mixture was let warm slowly to room temperature with stirring. 

After 18 h the blue color had disappeared and the lower phase was 
light yellow, consistent with CFjCF2CF2(CF2)2C0N0 (6, gem-CF^ 
quintet at ((»* 68.5). After ca. 48 h additional, most of the 
fluorochemical had dissolved In the DMA and much white solid was 
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present. Water, ca. 400 ml, and 6.2 g (0.1 mol) were added; 
the lower phase re-formed and most of the solid dissolved. 

Sulfamic acid was added in small portions to destroy the nitrous 
acid present and the reaction mixture was distilled at atmospheric 
pressure until the condensate was clear. The distillate consisted 
of a lower fluorochemical phase and an upper aqueous phase, both 
almost colorless. Potassium hydroxide, 37.4 g (.66 mo'*)* was 
added to the distillate, whereupon most of the lower phase 
dissolved In the aqueous layer. A small amount of neutral 
material was distilled under aspirator pressure Into a -78® trap, 
then the clear aqueous KOH solution was acidified with H2S0^. The 
lower phase which formed was separated, mixed with 25 ml of 96X 
H2$0^ and distilled at aspirator pressure Into a Dry Ice-cooled 
receiver. Yield 108.9 g of 1 as a dense, water-white liquid, 

56. 7X, bp 72 Q 93®C, d^^ 1.770 g cm‘^. NMR: ,<t>* 68.9 (6F,t of t), 
76.8 (3F, t), 109.9 (2F, m), 118.9 (2F, m). 

Anal. Calcd for CgF^gOH: C, 21.45; H, 0.30; 0, 4.76; F, 
73.49. Found: C, 21.19; H, 0.49. 

The neutral fraction weighed 17.5 g (approximately 9X yield) 
and consisted of a mixture of two still -unidentified 
CF 2 CF 2 CF 2 (CF 2 ) 2 CX products. The gem- (CF 2)2 t of t of the 
major (''€056) component appears at (p* 63.9; the qem-(CF ^)2 t of t 
of the minor component at 0* 67.6. 

Alternate procedure : Dried KF, 58 g (1.0 mol), 550 mL DMA 
and 201.3 g (0.671 mol) were combined and stirred magnetically 
In a one L three neck flask equipped with a cold finger condenser. 
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thermometer well* and drying tube. The mixture was cooled to -20* 
In a Dry Ice- Isopropanol bath, and nitrosyl chloride was passed In, 
keeping the temperature below -5*, until a green color persisted 
(the reaction product forms a clear blue lower layer, and the 
presence of excess yellow-brown NOCl causes the mixture to appear 
green). An NMR spectrum of the blue lower layer showed complete 
consumption of starting material. The reaction mixture was poured 
Into a 2 L separatory funnel containing 30 g of boric acid in ca. 
one L of Ice water. The blue lower layer was drawn off and 
wittout further purification, placed In a 250 mL three neck flask 
equipped with a cold finger condenser and oxidized with a slow 
stream of oxygen. The blue liquid turned green, then yellow within 
30 minutes; the oxidation Is exothermic. The crude yellow nitrite 
ester was poured Into 800 ml of water and stirred until gas 
evolution (NO * NO 2 ) ceased, then made strongly basic by addition 
of 60 g KOH pellets. Insoluble material (40.8 g) was removed by 
direct steam distillation; distillation was stopped when the 
distillate ran clear of Insoluble material. The residual aqueous 
solution was cooled and acidified with sulfuric acid. The lower 
layer which formed was separated, mixed with 75 mL of 96X H2S0^, 
and the mixture distilled at aspirator pressure Into a dry Ice- 
cooled receiver. Yield 145.5 g (64.5%) of colorless pure by 
NMR. 

2-n-Butoxy-F-2-methyl pentane. Dimethyl sulfoxide, 125 g; 

V\AAAAA/\AAAAA/WWVWWW\AAA( 

alcohol 1, 25.0 g (0.0744 mol); KOH pellets, 9.9 g (0.115 mol); 
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and 1-iodobutane, 18.4 g (0.100 mol) were combined and stirred at 

room tenmerature fbr three days (when 1 was mixed with WSOt heat 

was evolved; on a larger scale, provision for cooling should be 

made.) At the end of the reaction period the mixture was poured 

Into ca. 300 ml of water and the crude lower layer separated and 

dried over solid I^H. Distillation of the crude product at 

aspirator pressure Into a Dry Ice-cooled receiver gave 24.8 g of 

colorless liquid, 84X yield. The analytical sample was obtained 

21 

by preparative gas chromatography. Constants: bp 138**C, d 
1.473 gcm"^. 

Anal. Calcd. for C]q^9^^13* 30.63; H, 2.31; 0, 4.08; F, 

62.98. Found: C, 30.47; H, 2.25. 
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SCHEME I 


«. b. 

CFjCF-CFg ► (CF3)2CFCF*CFCF3 ► 

4 

* 

c. d. 

3 ► C CF3CF2CF2(CF3)2CN0 ] ► 

5 

e. 

e ^ CF3CF2CF2(CF3)2C0H 


(CF3)2C«CFCF2CF3 

3 

C CF3CF2CF2(CF3)2C0N0 ] 
6 


1 


a. KF, 18-crown-6, acetonitrile, 10 - 15® C; b. KF, 18-crown-6, dimethyl- 
acetamide, reflux; c. KF, NOCl or N20^, dliwthyl acetamide, ca. 0® C; d. O 2 or N20^ 
at room temperature; e. K 2 O. 
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HYBRID FLUOROCHEMICALS AS CANDIDATES FOR THE OXYGEN 
CARRYING PHASE IN ARTIFICIAL BLOOD: SYNTHESIS 
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207. hybrid FLUOROCHEHtCALS AS CANDIDATES FOR THE OXYGEN CARRYING PHASE IN ARTIFICIAL 
BLOOD: SYNTHESIS. K. V. Schere»*. Jr. . Oept. of Chemistry. Oniv. of Southern Calif.. 
Los Angeles, CA 90007; T. F. Terranova, 0. D. Lawson and E.N. Washington, Energy and 
Materials Research, Section 346, Jet Propulsion Laboratory, Pasadena, CA 91103. 

Alkylation of perfluorinated tertiary carbanlons, formed by equilibrium addition of 
potassium fluoride to readily available perfluoroolefins in a polar aprotlc solvent, 
leads In good yield to "hybrid" fluorochemicals with physical properties appropriate for 
application In artificial blood. The tert-butyl carbanlon derived from octafluoroiso* 
butene reacts with n-alkyl Iodides or bromides, whereas the tert-hexyl carbanlon derived 

from nerfluoro-2-methy1-2-pontene requires the more reactive allylic Iodides or bromides 
(or good yields In acceptable time, E.y.: 

m 

(CFjjjC'CFCFgCFj + KF + CH2"CHCH2Br CF3CF2CF2C(CF3)2CH2CH*CH2 

Cas-phase hydrogenation gives the saturated compounds without loss of fluoride. 

Oxidation of the same carbenions, e.g. with dinitrogen tetroxide, gives the tert- 
nltrlte which may be hydrolyzed to the tertiary perfluoro alcohol. Reaction of the 
alcohols with potassium hydroxide and an alkyl iodide in dimethyl sulfoxide leads to the 
corresponding ethers in excellent yield. All of these reactions are performed at room 
temperature or below in ordinary laboratory glassware, and afford good yields of 
Uomerlcally pure products. 



(From Abstracts of Papers , American Chemical 
Society, 175th ACS National Meeting, Organic, 
207, 1978.) 
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63. HYBRID FLUOROCHEMtCALS AS CANDIDATES FOR THE OXYC^N CARRYIN6 PHASE IN ARTIFICIAL 
BLOOD: PHYSICAL PROPERTIES AND PRELIMINARY TOXICOLOGICAL TEST KSULTS. K. V. 
Scherer, Or.. Dept, of Chemistry, Univ. of Southern Callfomli, Los Angeles. CA 90007; 

D. D. Lawson . 0. Hoacanin and T. F. Terranova, Energy and Materials Research, Section 
046, Jet Fropulslon Laboratory, Pasadena, CA 91103. 

A series of partially fluorinated alkanes and ethers of the general formula (C_F. .) 
(CFi)iC-R and 1 C F, . ){CF|)tC-0R, R • saturated alkyl, has been prepared as 
candidates for the ^ygen carrying phase In fluorochemical emulsion artificial blood. A 
semi -ens>1 Heal treaw.»nt based on group contributions to molar volume and Intermolecular 
attraction, and on regular solution theory (llUdcbrandt), has been developed which pre- 
dicts Ot solubility and vapor pressure fr<M chemical structures alone. These are the 
physical properties most significant for predicting physiological utility In this appli- 
cation. A kOng>ar1son of the predicted and experimental vapor pressures and 0i solubili- 
ties for the new congMunds and for compounds In the literature will be presented. Sever- 
al of the new fluorochemicals dissolve more oxygen than perfluorodecalln or perfluorotrl- 
butyl amine, while having vapor pressures within acceptable limits. Animal tests are In 
progress, but cell-culture tests suggest that the con^unds below possess very low tox- 
icity bordering on biological Inertness. Exang>1es of compounds prepared to date, with 
measured 0i solubility In mI/100 ml and [extrapolated] v. p. In torr, both at 25 °C, 
Include: n-C,F,(CF,)>C-n-C,ll 7 . 46.7 ml, 14.3 torr; n-C|F 7 (CF|)}C-n-C«H|, 46.6 ml. 6.8 
torr; n-C|F7(CF])tC-0-C|Hs, 49.9 ml, 24.4 torr; n-CiF7(CFi)iC-0-C|H7. 45.8 ml. II. I torr. 


(From Abstracts of Papers, American Chemical Society, 
175th ACS National Meeting, Medicinal, 63, 1978.) 
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SECTION I: INTRODUCTION 


Under contract with Jet Propulsion Laboratory for "Synthesis and 
Biological Screening of New and Improved Fluorocarbon Compounds for Use 
as Artificial Blood Substitutes," Utah Biomedical Test Laboratory (UBTL) 
assumed responsibility for biologic screening of new fluorochemical com- 
pounds (I-CC) synthesized by Jet Propulsion Laboratory (JPL) . The main 
goal of the study was to test the feasibility that from the synthesis 
of novel fluorocarbons, candidates for safe hemoglobin substitutes could 
be found. 

Summary of First Year's Study (1976-1977 ) 

In the original submission of our proposal to the National Blood 
Institute in July, 1975, JPL/UBTL detailed a two-year plan for the 
synthesis and biological screening of new and improved fluorochemical 
compounds (FCC) for use as artificial blood substitutes. The Institute 
requested that the proposal be modified and resubmitted to comply with a 
one-year feasibility study with the possibility that the project may 
continue for a second year. The one-year study was granted with the main 
goal of the study directed toward testing the feasibility of the hypothesis 
that from the synthesis of novel fluorocarbons, candidates for safe 
licmoglobin substitutes could be found. As one of the objectives of this 
study, it was proposed that approximately 20 newly synthesized compounds 
would be quickly tested by UBTL for gross toxicity and tissue retention 
in mice as an initial crude screen. 

In the original plan, selected compounds passing the initial mouse 
screen would be resynthesized as necessary and formulated into emulsions 
for blood replacement in rats to allow for more refined toxicity, tissue 
retention, and efficacy testing. It was anticipated that approximately 
four new compounds, formulated into artificial blood, would be tested in 
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rats at the 50% blood-rcplacemcnt level. 

However, after having completed 6 months of work on the first year's 
contract, the .National Blood Institute requested that we submit a pro- 
posal to them for continuation of studies into the second year and as 
part of the site visit for th s renewal, recommendations were made by 
the site team altering the originally planned studies. In compliance 
with the site team recommendations, UBTL concentrated their efforts on 
mouse toxicity screen testing, cancelling plans to do infusion studies 
on rats for this year and the next. 

The candidate compounds synthesized by JPL which met basic physico- 
chemical requirements as stated in the RFP were subjected to basic gross 
toxicity and tissue retention testing in mice at UBTL. For these tests 
UBTL usually received approximately 5-10 grams of each compound only. 
Lmulsions of test I'CCs were prepared at UBTL as needed. 

Screening methods and protocols were developed for dosing and testing 
mice for toxicity with the new FCCs. Because the intraperitoneal route 
for administration of the FCC was proposed, absorption studies were de- 
veloped to validate absorption of FCCs from the peritoneal cavity. Using 
FC-47 as a reference standard, absorption kinetics for this FCC indicat d 
a half time of less than two hours. Gas chromatography was used for 
assay of the FCCs in fluids and tissues. 

The screening methods and protocols developed for the candidate 
compounds include an Absorption Verification Study and a more prolonged 
Mouse Toxicity Screen Test. 

Bec.ausc of the relatively small amount of test compound received, 
the protocol developed for screening in mice had to be adapted to each 
individual compound and could rarely be followed in its entirety. Flexi- 
bility in the application of the protocol was essential so that the tests 
selected would yield the most information for a particular compound. 

A total of 1.^ newly synthesized FCCs were screened with the above 
methods and 20 commercially available surfactants were screened ; vitvj 
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for blood compatibility. Of the 13 FCCs tested, one FCC, JPL-AB-6, 
appeared to be the most promising candidate for further study. A second 
FCC, .JPL-AB-13 was considered as the next most promising. Two others 
wore considered for further screening, and nine were rejected, classified 
as too toxic for further testing. 

For protocol and testing details, see Appendix 1 and II. For the 
complete report, the reader is referred to UBTL Final Report, "Artificial 
Blood Substitute," (TR 222-013) or JPL Publication 77-80, "Synthesis 
and Biological Screening of Novel Hybrid Fluorocarbon Hydrocarbon Compounds 
for Use as Artificial Blood Substitutes," (Annual Report, July 1976 to July 
1977) . 

Summary of Second Year*s Study (1977-1978) 

Under terms of the second year’s contract, UBTL was given the charge 
of biologically screening approximately 20 new FCCs to be done in mice 
only. Studies were to be in greater depth using previously developed 
protocols, modified to meet current test plans. No rat or dog studies 
were to be included. 

It was directed that emphasis should be placed on FCCs that proved 
relatively non-toxic and that investigations should continue with at least 
two of the promising compounds from the previous study. 

These :onditions were met insofar as possible with the biological 
testing dependent on JPL for the supply of FCCs to test. 

In this second year of study, a total of 14 newly synthesized FCCs 
were screened with biological testing. Of these 14 FCCs tested, two were 
non-toxic and can be considered as candidates for further testing; these 
were compounds JI’L-AB-14 and JPL-AB-32. 

In .'ddition to the biological screening described above, other studies 
were done as follows: 

— .Hi,-AB-t), a promising candidate from the first year's stud> . was 
studied in greater detail and preparations were made for more detailed phar- 
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macoklnctic ««tudic5. 


— Preliminary studies were done on the "shelf-life" of JPL-AB-6. 
— LDgQ techniques were investigated using FC-47 at various dose 

levels. 

— Sonication experiments were done to investigate the effects of 
pH. CO^. and 0^ on fluoride ion generations and concentrations. 
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SECTION II: MATERIALS AND MLTHODS 


Screening of Now PCCs 

The 14 rcCs were investigated wltL the biological screening methods 
adapted from those used in the first year's study. 

1'hese methods are detailed in Appendices I and II and consist mainly 
of intraperitoneal absorption studies, observation for toxicity and death, 
organ distribution studies with gas chromatography, and histopathological 
studies on tissues. 

Absorption of the FCC from the intraperitoneal injections was verified 
by peritoneal wash techniques for recovery of any residuals as detected by 
pas chromatography, Ff the mice did not die within 24 hours and absorbed 
most of the injected sample, a new group were similarly injected and ob- 
served for a two-week period. Organ distribution of the FCC with gas 
chromatography was determined, and histopathological studies were done in 
the mice surviving the two-week screening study. 

In-depth Study of .FPL-AB-t> 

The most promising FCC from the first year's study, JPL-AB-6, was 
studied in gre.iter detail this ye.nr but w,is more limited than anticipated 
due to resynthesis problems at .FPL. Protocols as indicated .ibove were used 
to study 8 mice, 2 for Absorption and 5 for Mouse Toxicity .Screen studies. 

She If- life Studies . As part of the program plan for the second year 
study, UBTI. looked at the stability of both the neat and emulsified ,lPI.-AB-b. 
The emulsion was aged for about 2 weeks and the neat for 4 weeks at a"® C, 
intermittently exposed to room air. Then the n-?at was emulsified for injec- 
tion, after aping in that form, and injected i.p. into .A mice. The aped 
emulsion was injected i.p. into one mouse. Fol lowxip studies were done to 
compare r..ults with those found in mice injected with the original un-aged 
FCC and are reported in the next section "Results". 

One factor to consider with this series of .FPL-\B-o studies compared 
to last year's is t i ■ .FPL stated that this batch of the FCC was more 
carefully purified nefore it was sent to IFBTI.. 
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Uigfi Studies 

Me investigated the of an FC>47 emulsion at various dose 
levels. Mith a 50% emulsion, 3 mice were injected i.p. for each of the 
folliwing dose levels: 50, 100, 200 ai^ 500 gm/kg. 

Son i cat ion Hxpcrlswnts 

In sonication experiments, 20% cmilsions of PC-47 at pH 7.2. enwi. 
under one atmosphere of CO 2 , NjO, Nj or Oj respectively, were '"irst 
purged by bubbling the specific gas through the solution for 5 minutes 
then sonicated continuously up to 90 minutes to assess generation of 
fluoride ion. I'luoride ion was determined at 30 minutes intervals by a 
fluoride ion-specific electrode. The calibrating standard solutions were 
adjusted to match the ionic coaq>osition of the esailsions. In a related 
experiment, 20% PC-47 caailsions were similarly sonicated at pH's of 
4.0, 7.0, and 10.0, under one atmosphere of O 2 . Sonic.stion was performed 
in a 25 ml rosette cell immersed in a water-ice bath. 

The sonicating device used here and also for the other FCCs screened 
has a lead zirconatc and titanate probe (Ileatsystems Ultrasc.iics Inc., 
Plain View, New York, Model No. 350). 

Data Management 

Again, this year, because of the small amounts of new FCCs C5-10 
gm and occasionally up to 16 gm), only a few mice per compound could be 
studied as a rule. With .such small numbers of animals per compound, 
statistical analyses are not feasible, so judgments on each compound were 
necessarily made on observations of essentially individual mice under 
different test circumstances for a given conq>ound. 

Inten>retation of observations such as animal behavior, time of 
death after injection, results of microscopic pathology, and some 
l-CC analyses, arc reported in the next section "Results". 
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SECTION lit; RESULTS 


New FCCs Screened 

The results of biological screening of the 14 FCCs for this 
year are described below. Table 1 shows the JPL-AB number, the 
structure, the general animal reaction and the results in brief. 

The table includes the FCCs we screened during the first year 
(.IPL-AB-3 to -13), but excludes .IPL-AB-1 and -2 which were "start- 
up" FCCs. 

Two FCCs, JPL-AB- 14 and -32 were the only two that appeared to 
be promising during this year's screen. The others were rejected for 
further study. 

In most cases, these FCCs were injected intraperitoneally as a 
20* emulsion and some with the neat form of the FCC. Control mice 
were also injected at the same time. The majority of the FCCs were very 
low in fluoride ion; that is, less th 1 ppm, our lowest standard. In 
those FCCs that were high in fluoride ion, the ion was extracted with 
%ater until low enough. It was then emulsified prior to Injection. 

1. .lPL-AB-14 . Two mice were injected i.p. for the 24-hour Absorp- 

tion Verification Study. The mice lived and were sacrificed at the end 
of 24 hours. The spleen was very large, approximately two times normal 
size, and was whitish in color. The peritoneal recovery study indicated 
7"« remaining after 24 hours. Organ tissues were assayed for ^CC level^^, 
in one mouse and the other underwent histopathological studies. 

Because of the encouraging results of the Absorption Verification 
Study, three more mice were injected for the two-we^k Mouse Toxic’ ty 
Screening. These mice were sacrificed at the end of the two-week period 
and FCC assays were done on peritoneal washes and tissues > All three 
had peritoneal washes performed, but only two were assayed for tissue 
levels, and the third was reserved for histopathological studies. 

The FCC assay levels are shown in Table 2 and indicate that 
the FCC was readily absorbed from the peritoneum, (93* in 24 hours 
and 99.5% in 14 days), that high concentrations are observed in the 
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Table I 


Toxicity of Intraperitoncal Injection of Fluorocarbon-Hydrocarbon 

Hybrid Coiapounds 


No. Structure 

3. (CFjjaC-CHj-CHa-CHa-CHs 

4. (CF3)3C-CH2- C 

'^0-CH2-CH3 

5. (CF3)3C-NH2 


Reaction Result 

Ataxia 5 Violent Shaking Death 

10-40 min 

Ataxia Death 

<15 min 

Violent Deatli 

<10 min 


6 . (CF 3 ) 3 C-CH 2 -CH 2 -CH 2 -C(CF 3)3 None 


Non toxic 


7. (CF3)3C0H 

Cl Cl 


(CF3)3C-C-C-CF3 

I I 

F F 


1/7 Dose Neat Fluid 


Total Relaxation 


Instantaneous 

Death 


Ataxia 


Death 
24-48 Mrs. 


None 


Non toxic 


9. (CF 3 ) 3 C-CH 2 -CH=CH-CH 2 -C(CF 3)3 

(1 mouse - 0.69 gm) 


Decreased Activity § 
Tone 


Impaired but 
lived. 


10 . 


(CF3)3C-CH2-CH2-CHI 

(F' Generated with Sonication) 


Ataxia, Gaspi. 
Convulsions 


(>'3 

I 

11. CF 3 -CF 2 -CF 2 -C-CH 2 -CH = CH 2 Tetany 

I 

CF3 

(F" Generated with Sonication) 


Deatli 
1-3 Mrs. 


Death 
1-2.5 Mrs. 
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FCC’S STUDIED TO DATE (continued) 

No. Structure Reaction 

12. (CF3)3C-CH2-COONa Ataxia 

(H;0 Soluble, High F“Generation) 

13 . (CF3)jC-tCH;)5-C(CF3)3 None 

14. (CF3)3C-(CHj)2-C(CFi) 

CFj 

I 

15. CFj-CF^-CF 2 -C-CH>-CH 2 -CH 3 At.ixia • Prostrate 

I 

CF| 

CFj 

I 

16 . CF3-CK2>CF2-C-CH2-CH2-CH^-CH3 Sick - Prostr.ite 

CFj 

CFj 

! 

18. CF,-rF:-Cl' 2 'C- 0 H Relaxation 

CFs 

CF, 

I 

:o. C O CH;-CH, At.uia 

cr j 

CFa 

I 

21. CFa'CFa-CFj C- 0 -CH 2 -CHj-CH 3 Ataxia. Sasping 

CFj 


Results 

Death 
5 min 


Non toxic 


Non toxic 


Death 
3-24 Mrs. 


lieath 
24-43 llrs. 


Instantaneous 

Death 


Death 
4-12 Hrs. 


Death 
S-24 Hrs. 


H-13 



PCC'S STUDIED TO DATE (continued) 


No. 

Structure 

Reaction 


CF, 

I A 


24. 

1 ^ 

CF,-CF,-CFa-C-CH,-C; 

1 ^-CHa-CH, 

CF, 

Agitated 8 Violent 


Results 


Death 
1-2 Hrs. 


27. CFj-CF 2 -CF 2 -C-U-CH(CH,)a 

CFa 

f* 

28 . CF j -CFa -CFa -C-O-CHa -CH* -CHa -CH j 

I 

CF, 


Prostrate-convulsions Death 

3-6 Days 


Ataxia-Prostrate Death 

18-24 Hrs. 


29. 



CF j-CFa-CFa-C-O-CHa -CH(CH,) a 


CF, 


Ataxia-Prostrate 


Death within 
5-6 hrs. or 
recover 6 
survive 


CF, 

I 

31. CF,-CFa-CFa-C-CHa-CH, 

I 

CF, 


Ataxia-Prostrate Death 

3-5 Days 


CF, CF, 

I I 

32. CFj-CFa-CFa-C-(CHa)a-C-CF,-CFa-CF, None Non toxic 

I I 

CF, CF, 


CF, 

I 

33. CFi-C-O-CHa-CHa-CHa-CH, 

I 

CF, 

CH, CH, 

I I 

35. CH,-C-CH,-CH.-C-CH. 

I I 

CH, CH, 


Chokinji-Prostrate 


Prostrate 
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Death 
5-7 Hrs. 


Death 
4-5 Hrs. 


TABLE FL’XJBOCARBOS TISSUE DISTRIBUTION FOLLOV.IN'T LWRA.PERITONEAL IfUECTION 






Blood voluaie of 1(}\ of total body weight was assumed. 



% 


liver iiiuJ spleen at 24 hours, that these concentrations in the liver 
and spleen drop by altout one->lialf in 14 days, and that the FCC is 
ulH)ut 5U» eliminated at the end of 24 hours. We must emphasize, 
however, that Table 2 data was obtained From individual animals 
in some cases and an average of 2 or 3 animals at most. This accounts 
for some discrepancies in specific comparisons, yet the general trends 
arc similar (or all three FCCs. 

Pathology studies showed gross enlargement of the liver and 
especially the spleen at 24 hours and at 14 days. The spleen exhi- 
bited a gray-white cast. IMstopathoIogy studies on the 24-hour mouse 
showed "I ipid- laden" macrophages in the spleen and other minor changes, 
but those changes are not as marked as seen in other test animals. 
Tissues From other organs showed only minimal changes. In the two-week 
mouse, lipid-laden macrophages are seen in the liver and spleen with 
fairly marked tissue reaction (swollen cells'! throughout all other 
tissues ex.'imined. 

Status : This T(.'(; appears to be similar to .FPL-^B-6, a promising 

compound studied in the first year. It is recommended for further 
study and more complete evaluation. 

J. .IPI.-AB-15 . Two of the throe mice injected with the emul- 
sion died within S hours, not violently but huddled .and depressed. 

One was alive at 24 hours but appeared very sick and prostrate. This 
animal was sacrificed for possible peritoneal wash to assess absorption 
by O.C. methods, but this procedure was considered redundant when 
findings on the neat were observed. 

A Few days later three mice were injected with the neat FCC, and 
.'ill died witliin a five-day period. One .assumption for the delayed death 
with the nc.it was that the neat was probably absorbed more slowly than 
tlie emulsion, allowing this group of mice to live longer. 

Status : .1PI.-AH-15 is considered toxic .and is rejected from the 

study .'ll tliis time. 
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■H*L-AB- lo . Several groups of mice were studied with i.p. 
injections of the 20" emulsion and the neat. A total of 10 mice received 
tlic 20" emulsions and wore very sick, dying within 1 to i days except for 
two which were sacrificed at 24 and 48 hours respectively. A total of 7 
mice received the neat form and lived up to 3 weeks, some being sacrificed 
at various times for residual FCC and/or pathology studies. 

I’athology .studies were done on 3 mice and showed varied changes, 
rhe mouse sacrificed at 48 hours, with the 201. emulsion injection, was 
prostrate at the rime. Micropathology studies showed alterations 
mainly in the spleen with marked cell degeneration and histiocytic 
proliferation. I'he kidneys, liver and brain showed lesser involvement. 

The mouse sacrificed at 48 hours, with the neat injection, was well at 
the time. Micropathology studies showed minimal changes, generally with 
only moderate congestion of the spleen. The third mouse was well and 
was sacrificed .3 weeks after the neat injection. .Studies showed some 
liver cord swelling and degeneration, tlie lungs were congested clironi- 
cally and the kidney tubules .and glomeruli showed some degeneration. 

Sever.il IT't: ass.iy studies were planned to clarify the differences 
noted clinically and pathologically between the neat and the emulsion 
injected mice but these were not completed due to contract contr.iints 
toward the end of the study. 

■S tatu s : Ihis ITT' was considered to be generally toxic and rejected 

for further study ;it this time. Ueassessment should not be completely 
ruled out. 


*• .11*1. -All- 18 . I'hree mice were injected with 10 microliters of 

this ITT'. All died within 5 minutes. 

Status: Kejected; highly toxic. 

.S. JI’I.^Mi .’0 .iiul - 21 . The two groups of three mice e.ich injected 
with .ll’l,-AK-20 .and 21 all died quietly within 21 hours, huddled together. 
Mso all the mice injected with the neat form of these two It'Cs died 
within 2 days. 
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Status; Rejected because of toxicity. 


6. .IPL-AB-24 . Ute two mice injected with this FCC were dead within 
one to two hours, dying an extremely violent death and very agitated. 

Status : Rejected for further study. 

7. .JPL-AB-27. Three mice survived the AVS study (24 hours) but 
were sick. The two-week studies were begun but the three mice injected 
wore dead 3-4 days later. 

Status : Rejected for further study. 

8. JIM.-AB-28 . Three mice were injected with this FCC and died 
within 18 to 24 hours. Three mice injected with the neat died in less 
than 24 hours. 

Status : Rejected for further study. 

-IPI.-AB- 29 . Appears to be unstable during sonication, generating 
fluoride ion. Two groups of three mice each were injected i.p. (30 gm/kg) 
and all died but one. Incomplete absorption is possible in the mouse 
that lived since sonication was done for 15 seconds only to minimize 
fluoride ion generation. Not enough left for neat studies. 

Status ; Rejected for further study. 

10. .IPL-AB-51 . Of three mice injected, all were dead by the sixth 
day. One mouse was injected i.p. with the neat FCC and lived 2 weeks, 
and at the time of sacrifice the liver was enlarged and the spleen was 
very small. No FCC left for additional studies. 

Status : Rejected for further study. 

•>fh~AB-32 . Two mice survived the 24-hour AVS study. One 
mouse was sacrificed for histopathological studies and one for FCC 
tissue assay. Two additional mice survived the two-week NfFS study 
and were sacrificed for histopathological and tissue assay studies. 

The histopathological studies are pending. 

Table 2 shows the FCC levels for this FCC. The data generally 
parallels that seen with .IPL-AB-14. The FCC was readily absorbed and 
there were rather high concentrations in the spleen (liver moderate) 
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;it 24 hours dropping to about half in these organs in 14 days. About 
74» of the total ICC injected was eliminated in 24 hours and 86* in 14 
days. Of note is the relatively high concentrations in the blood at 24 
hours, with a drop to zero at 14 days. 

This data, like that for JPL-AB-6 and -14, was obtained from 
single animals in some cases and the statistical validity is thus 
impaired. However, the trends are similar for all three FCC's. 
ITirtherraore, we did not have enough .IPL-AB-32 to adequately per- 
form extraction efficiency studies, but, because the extraction effi- 
ciencies of .IPl.-AB-fa, -1.3, and -14 were essentially 85 », and because of 
similarities in molecular structure, we assumed an 85*6 extraction 
efficiency for .IPI.-AB-32. 

■Status : This I'CC is similar to .JPL-AB-6 and -14 and classified 

a s a p rom i s i ng compound . 

*"• dPL-AB-SS . I'wo mice died within 6 hours with a 20"^ emulsion 
injection .and one mouse within 24 hours with the neat injection. 

St atus : Rejected for further study. 

13. ■ IIM.-AB-.35 . Three mice were injected with this compound which 

is not a f luorochemical . All died within 5 hours. 

Status: Rejected for further study. 


I n -d_ej)t li S tudy of .IPL-AB-O 

.1 1’l.-AB-o, the most promising l•(!C from the first year's study, was 
resynthesized hy IPI, for further study in the second year. 

URTI, ri'ceiveil IS. 3 grams of .IPl.-AB-o from .IPL on November 2, ly"?. 
A ‘.ummary of the mice dosed with this I'CC is shown in T.ible .3: 
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Table 3. Sviiwaary of Mice 0o»«d with JPL-AB-6 


Injection Form 

Dose 

Time Alive Follow-up 

Post Injection Studies 

No. of 
Mice 

Hmulsion 

30 g/kg 

Sacrified - 24 hrs. Perit. Wash 

3 


30 g/kg 

Sacrificed • 2 wks. Perit. Wash, Tissue 

Levels Histopath 

(1 of the 5 mice died at 17 hrs.) 

S 

"Aged" F.mulsion 

30 g/kg 

Alive - 1 month Perit. Wash, Tissue 

Levels Histopath 

1 

"Aged" Neat 
limulsified for 

30 g/kg 

Alive Perit Wash, Tissue 

Levels Histopath 

3 


injection 

(All controls alive and well.) 

Three mice were injected i.p. with the emulsion for the 24 hours* 
Absorption Verification Study. These lived but were sacrified at 24 hours 
Tor l-L'C assay of peritoneal wash. Table 2 indicates that approximately 
‘JSb of the fluorocarbon is absorbed in 24 hours. This fast rate of absorp- 
tion insures that the mouse is exposed to the full dose physiologically. 

Five were injected i.p. with the emulsion for the two-week Mouse 
Toxicity Screen (M’TS). One mouse died on the second day, quiet and sick. 
Tlic other four remained alive and well along with the controls and were 
sacrificed at two weeks according to the two-week Mouse Toxicity Screening 
I’rotocol. Two mice were preserved for a histopathology examination after 
their peritoneal wash. Recovery of .IPL-AB-6 from the peritoneal washes 
and selected organ tissues of the remaining mice are tabulated in Table 2. 
i'hesc data reveal findings similar to those of .lI’L-AB-14 and -32. The 
highest levels are in the liver and spleen. Furthermore, they indicate 
tliat essentially all of the fluorocarbon has been absorbed and that 
approximately 80".» of it has been eliminated from the body during the 14 
days post injection. This fluorocarbon compound appears to be similar 
to the l•(,■-47 in its time distribution with the spleen and liver scavanging 
most of the emulsion and that these data are very encouraging because 
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they indicate a reasonable rate of excretion of the compound. Its 
duration is long enough to be effective as a blood replacement, yet it 
appears to be excreted from the body at a reasonable time. 

1 . Shelf- life Studies . During the screening studies done in 
the first year of the contract, it was noted that JPL-AB-6 appeared to 
become more toxic with time. This was based on the observation that all 
mice died which were injected several days after the initial testing of 
.IPl.-AB-o. 

Table 3 shows that the four mice were still alive following the 
i.p. injection of both aged emulsion and aged neat. The neat was 
emulsified for injection after aging in that form. 

One factor to consider with this series of JPL-AB-6 studies 
compared to last year's is that JPL indicated that the FCC was more 
carefully purified before testing. 

2. Pathology Studies . Detailed reports were received from 
Uivn/s pathology consultant, Dr. John Carlquist, on the mice studied 
with AB-6. The following summarizes his report: 

Two mice were injected with a 20“- emulsion of the JPL-AB-6 and 
were sacrificed at the end of two weeks. Marked degenerative changes 
were noted, especially in the spleen, with histiocytic proliferation 
in the spleen. This was interpreted to indicate a marked phagocytosis. 
There was a rather marked degree of edema of the lungs, marked degene- 
ration of the liver cord cells, and the kidneys showed some epithelial 
degeneration. It was reported that the two mice were essentially the 
same from a standpoint of pathological features with one showing more 
degenerative changes in the liver and kidney than the other mouse. 

Dr. Carlquist emp. asiced that the striking feature of the examination 
was the marked histiocytic proliferation within the spleen which 
apparently represents deposition of the chemical in the spleen. 

One mouse was injected with "aged" JPL-AB-6 to study the effect 
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0 f Hhclf life. This was a 20% eaMlsion. At the end of four weeks, 
the mouse was sacrificed; Mild changes were noted in the epitheliiM 
of the liver and kidneys. Again, the Major alteration was a Mrk«l 
histiocytic proliferation in the spleen. 

One of the five Mice Injected with .IPL-AB>6 (20« esoilsion) died 
at the end of 18 hours, while the other fmir lived aiwl were sacrificed, 
at the end of the two<week period. Marked changes were iMted in all 
tissues with Marked cell degeneration as the Most striking feature of 
the splenic section. It should be added that gross and Microscopic 
inspection revealed blood in the ss»ll intestines with sections showing 
frank necrosis. 

3. SuMsmry of .TPL-AB-6 . A sunmary for this FCC was prepared 
for NIII.BI by copy of their MeHorondtas dated ^ril 14, 1978. This smmo 
and the si^ary are found in Appendix III. Tissue culture, aninsl 
studies, oxygen solubility, vapor pressure and so on, are presented. 

LDjq Studies 

Mo investigated techniques using FC>47 enulsion at various 
dose levels. Mith a SOf. emilsion, 3 mice twre injected i.p. for each 
of the following dose levels: 50, 100, 200 and 500 gM/kg, At 50 Mg/kg, 

all mice liv d. 1he nice given 100 and 200 gn/kg all died within 2 
days, and at the 500 gm/kg level, 2 died and 1 lived, suggesting the 

was between 50 to 100 gm/kg. Additional nice studies confirmed 
this ra^.ge but the cnd>point was not sharp. 

It is possible that the deaths could have been due to volume 
ovcrio.’td of the peritoneal cavity. 

Son i cut ion Studios 

In sonicat'ion experiments, using 20* emulsions of FC-47, each under 
one atmosphere of CO,, N.O, N, and 0, respectively, a significant increase 
of fluoride ion with tine (up to 90 minutes) was seen with the 0, and N, 
atmospheres. Sec Figure 1. Very little increase occurred with N,0 and 
CO, atmospheres. Using an atmosphere of O^, the pll did not affect the 
amount of fluoride ion generated at pll of 4.0, 7.0 and 10.0. 
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1. I luoriilo ion proilucoJ iipc, sonication of la ml of ,i JO' (v '\ ) 

emulsion of rt'-l7 in a Ja -.I rosette cell maintained in a w. tor- ice 
hath. the emulsion was first purReil hy InihhlinR the ^as throuo.h it 
for 1.'’ minutes then maintained under one atmosphere of the yas durin 
sonication Q, 0,;O. A, Ni-,d;D, TO,. 



SUCTION IV: DISCUSSION 


Introduction 

^st of the fluorocarbons synthesised by dPL at^ subse<)uently tested 
by USTL differ chenlcally from the "perfluoroesrbons" which have domi- 
nated heroglobin substitute research. The test compounds are largely 
fluorocarbon-hyd'.ocarbon h)^rids. Such hybrids not only have a greater 
potential to become metabolically altered, and hence possibly generate 
toxic mctalK>lltes, but they probably also have different distributions, 
hence different biological activities, than perfluoroesrbons. Conse- 
quently, the itouse Toxicity Screen was designed specifically to test for 
tojflc effects that derive from the inherent properties of the test 
I'CC rather than its biophysical properties, its emulsion or adverse 
effects of rapid volume expansion (see "Route of Administration" below). 

Owing to the smiill amounts, usually 5-10 grams, of the Test fCCs 
mode avuil.’ihle to us fr(Mi initial synthesis, we were obligated to use 
them sparingly but at the same time to clearly identify those FCCs that 
were signif i'*antly toxic or nontoxic. Retesting was often not possible. 
I1)us, the candidate compounds .synthesised by .TPl which met basic physico- 
chemical requirements as stated in the RFI* were subjected to basic gross 
toxicity and tissue retention testing in mice at UBTL. 

Also, because of the relatively small amount of test compound 
received, the protocol developed for screening in mice had to be adapted 
to each individu.’il compound and could rarely be followed in its entirety. 
Flexibility in the application of the protocol was essential so that the 
tests selected would yield the most inforsuition for a particular compound. 

M aterials and Methods 

I1ic biological screening methods consisted mainly of intraperitonea 1 
(i.p.) injections with related i.p. absorption studies, observations for 
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toxicity and death, organ distribution studies using extraction and gas 
clironatography for assay of the PCC and histopathological studies on 
tissues. Absorption of the FCC from i.p. injection was verified by 
peritoneal wash techniques and G.C. analysis for recovery of any resi- 
duals. Twenty- four hour studies and 2 week studies on mice formed the 
basic protocols. 

1 . Route of Administration . The intraperitoneal route was 
chosen for three reasons: 1) The intravenous route is unsuitable 

for the purpose. Unexpected coalescence of particles of FCC in the 
emulsion may give rise to droplets large enough to effect FCC-embolism 
and hemolysis and/or intravascular clotting may accrue due to the sudden 
contact between emulsion and blood, or the oncotic properties of Pluronic 
l•-68 may not be manifested in the expected way in the presence of 
certain FCCs. fn such instances, "toxicity" should not be attri- 
buted to the test FCC but rather to a failure in appropriate make- 
up of the enrjlsion. Furthermore, adverse effects can follow the 
very rapid expansion of the intravascular volume. Consequently, it 
is desirable to employ a route other than the intravenous route. 

2) The specification for emulsions to be administered intraperito- 
neally are much less demanding than for emulsions to be given intra- 
venously, hence a saving in time and materials can be made in pre- 
paring emulsions for the intraperitoneal route. 3) Absorption time 
by the intraperitoneal route is usually adequately rapid, even when 
rather unstable suspensions of quite insoluble drugs are used. 

a. Validity of the Intraperitoneal Route . In establishing 
the protocol to be used for screening the new FCCs, it was critical to 
prove the hypothesis that the intraperitoneal (i.o.) route of dosing 
mice with FCCs was valid. This hypothesis was tested using FC-47 be- 
cause of its widespread use in experimental animals and a relatively 
large literature reserve documenting its use. The test results sup- 
ported the hypothesis and that FC-47 could be used as our control 
F’Ce. Details are described in Appendix I, but to summarize: experiments 
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done in these laboratories with a 20 • v/v emulsion of FC-47 in Plutonic 
I'-OS iso-tonic saline solution have shown that the absorption half-time 
is less than 2 hours with a dose that is approximately equal to that con- 
tained in a total blood replacement (approximately 100 ml per kg); by 
24 hours nearly all of this huge dose is absorbed. 

l-arly in the study there was some discussion raised by Dr. Scherer 
of .ll’L regarding the use of perfluorodecalin as the "standard" reference 
compound rather than the I'C-47 we specified in the proposal. Because 
perfluorodecalin is not retained in the animal preparation and evaporates 
through lung/skin, it was proposed that this might serve as better 
rofcrcnco standard for our compounds. A change to this standard posed 
several problems such as availability from Rngland at that time, diffi- 
culties in emulsification, purity and presence of unidentified compounds, 
and eventual approval by NHLBl if we recommend this change, hater 
discussion with the IJBTh research group led to the decision to stay with 
as the reference standard. 

b. Absorption Verification Studies . Although the absorption 
studies with l('-47 indicated the suitability of the intraperitonoal route 
for the Mouse 'l'i>xicity Screen, it was possible that there may be FC('s 
that were not absorbed well by this route. In order to attribute correctly 
non-mortality or non -morbidity to lack of toxicity, it was necessary to 
establish that the I'CC was, infact, absorbed. Consequently, prior to 
testing for toxicity, each new FCC was tested in mice for the .ability 
of an emulsion of it to In' absorbed from the peritoneal cavity. \ 
ilose of 100 ml/kg of 20';- emulsion (v/v) made with ^.70®,. Pluronic F-o8 in 
phosphate buffer, pll 7.4 was given, and these animals were observed for 
toxic effects according to the description given under Item 4 in Appen- 
dix 11. After 24 liours, the peritoneal cavity was opened and the resi- 
dual l'C(* content reiiKived. If the animals died before 24 hours and the 
controls did not, absorption was assumed to have occurred and peritoneal 
wash done only if especially indicated. 

Peritoneal washes in mice injected with .IPL-AB-o and -8 in which 
test mice lived longer than 24 hours showed a recovery of 27% and yl 
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rcHpoctlvely, Indicating absorption was highly probable. Later studies 
with Jri-AB-6, -14 and -32 showed a recovery of 7.0% at the SK>st (see 
Table 2). 

To rule out .nny possibility that toxicity and death in these mice 
could be due to the emulsification process and the production of unexpec- 
ted toxins, one or more mice were usually injected with the neat FCC 
(uncmulsified) If enough was left over. 

2. Cicneral Conments . It should be ei^hasized that not all studies 
in the protocol could be completed on a given FCC because of the limited 
amount of the newly synthesized FIX we received. For example, if a new 
I’CC proved overtly toxic killing the test mice in a matter of minutes 
to hours, then it was assumed to be toxic and not investigated further. 
Also, as we gained experience in screening, it was deemed cost effective 
to omit such things as peritoneal washes, histopathology and residual 
F(X; tissue studies in KCs that were overtly toxic. 

Itic main purpose for such flexibility in the application of the 
protocol was to obtain maximum information on the first batch of every 
new FCC to conserve on resynthesis effort, time and cost. Our task was 
to show with reasonable certainty that an FCC was either toxic enough to 
he rejected or safe enough to qualify for resynthesis and further detailed 
studies in animals. 

In addition to the problem of getting the roost information with 
small I'CC quantities, there were problems related to preparing the 
samples for animal injection. Some FCCs did not readily form emulsions, 
and the .solids required heating and sonication while hot. When we checked 
the (I’l, we found that some FCCs required considerable "clean up" and 
followup screening in animals with the cle.an compound. 

Screening of Candidate (’propounds 

Of the 14 I'CCs synthesized by IPL and .sent to HBTl, for screening 
tliis year, 12 were rejected for further study and 2 proved to be pro- 
mising candidates for further study, i.e., JPL-AB-14 and -32. JPL-AB-6, 
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one of last year's best candidates, was resynthesized and studied further 
this year. .M’L-AB-13, the other primising FCC from last year's study 
was not resynthesized by .IPL for further study and accordingly was not 
studied this year.. 

1. Promising Candidates . Both JPL-AB-14 and -32 were nontoxic 
according to criteria for our two biological screening methods. They 
arc structurally similar to JPL-AB-6 and -13 which proved nontoxic in 
last year's study. All four are essentially FCCs with a small amount 
of hydrocarbon buried in the center of the molecule, sterically hindered 
from enzyme attack. Last year's JPL-AB-13 will not be reviewed for this 
report. The sequence of discussing these FCCs will be altered from the 
previous sections and they will be described according to the time se- 
quence in which we studied them. 

a. JPl.-AB-b . This FCC was considered to be the most promising 
compound studied during the first year. Additional .IPL-AB-b was resyn- 
thesized for further studies this year. The amount of FCC available was 
again relatively meager allowing only very few mice to be studied. How- 
ever, based on last year's experience, these studies could be conducted 
a bit more uniformly and again showed promising results. 

.Il’L-AB-b data indicate that virtually all the FCC was absorbed 
by the mice and that approximately 80* was eliminated from the mice 
after 14 days. The spleen .and liver showed the greatest retention 
(.see Table 2). 

Pathology studies seem to parallel the tissue retention of FCC in 
the liver and spleen. In particular, the spleen showed marked degene- 
rative changes with histiocytic proliferation, interpreted as indi- 
cating marked phagocytosis and deposition of the chemical in the spleen. 

It is interesting to note that our control FCC, FC-47, exhibited similar 
involvement of the liver and spleen. One of five mice injected for the 
two week study died .it 17 hours and pathology studies suggest a possible 
mishap with the i.p, injection because of blood and necrosis in the 
small intestine. 

I'o summarize, this FCC appears to be similar to FC-47 in its tissue 
distribution ;uul patliology findings which suggest spleen and liver 
scavenging of most of the emulsion. It is absorbed effectively and is 


H-29 



cxcrctod at a rate that should be desirable for an "interia" circulatory 
adjuvant. 

The pilot "shelf life" studies on this F(X seem to indicate that 
the compound is relatively stable at least over a 2 to 4 week period. 

■>Ph-AB-14 and -32 . As with JPL-AB-6, only limited studies 
wore possible due to the small amount of FCCs available for study. 

The peritoneal absorption studies, tissue distribution, and histo- 
pathological studies for these two FCCs indicate the same general 
trend observed for .IPL-AB-6. Essentially all the FCC was absorbed 
from the peritoneal cavity at the end of 14 days, the liver and spleen 
showed the highest concentrations with a significant drop in concentra- 
tion with time (14 days), and at least half or more of the FCC had 
been eliminated at the end of 14 days. JPL-AB-32 showed a relatively 
high blood level at 24 hours but speculation on this finding is diffi- 
cult because this data represents the findings in only one animal. 

The pathology findings for .IPL-AB-14 are quite similar to those 
found in .IPI,-AB-t* studies and similar studies are pending on JPL-AB-32, 


To sunmiarize, these three nontoxic compounds, considered as candi- 
dates for further testing, were found to have been readily absorbed 
from the peritoneum; they produced no gross long-term toxicity; they showed 
moderate histopathological changes, in most tissues, but usually marked 
changes in the spleen; and they were eliminated from the body at reasonable 
rates. Only limited pharmacokinetics could be done on these three FCCs 
duo to the small amounts of available compounds. These three FCCs along 
with .IPI.-AH-13 deserve further detailed investigation with continuation 
of pharm.icokinetic studies and eventual exchange transfusions in rats. 

c. Data (.onstraints . The data we obtained is presumptive evi- 
dence for the general conclusions we have drawn, showing trends that 
arc similar for the three FCCs reported. In many of the studies, only 
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one mouse could be subjected to a specific analysis, i.e., histopatho- 
loRical or R.C tissue retention stialies, because of the necessarily small 
quantities of I'CC sent for testing. However, 2 or 3 mice were used 
whenever possible. These constraints account for lack of some refinements 
in the data presented and our inability to satisfactorily resolve some 
discrepancies. But, we do feel that trends are reasonably well -demons- 
trated bused on the similarity of patterns observed between the three 
I’CCs. We do recognize, however, that the data could not withstand 
statistical analysis at this time. 

Be i ec t cd ComjMJunds . Compounds JPL-AB-15, -16, -18, -20, -21, 

-24, -27, -28, - 29 , -31, -33, and -35 were all considered too toxic for 
further testing, killing the test animals within minutes, hours, or a 
few days. 

In some cases the animals injected with the neat fared well but 
died with the emulsion. This was esfecially true for JPL-AB-16. We have 
hypothesized that their longevity and well-being is likely due to the 
slow uptake of the neat, not being as well absorbed as the emulsion form. 
Peritoneal washes would help clarify this point. Another possibility 
is that the emulsification process may alter the FCC in some way ren- 
dering it toxic. .iPL-AB-29 was especially unstable during sonication, 
always generating ;ihundant fluoride ion. 

f.eneral Observations: Years 1 and 11 

In reviewing the total I'CCs studied over the two years, most proved 
to he toxic, with only four (.lPk-AB-6, -13, -14, and -32) out of the 25 
in fable 1 proving non-toxic as assessed by the two biological screening 
teheniques used. Compounds JPL-AB-IO, -11, -12, and -29 were unstable 
as indicated by their release of |F J and presumed concommitant toxicity 
due to (F I release. Some FCCs caused very rapid death and are presumed 
highly toxic to some vital process l.)PI,-AB-4, -5, -7, -12, and -18); 
these, in genera), have more chemically reactive groups than the slower 
acting toxic lUlCs. 
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Proa the above observations in this study, it appears that any 
fluorocarbon-hydrocarbon hybrid has the potential of toxicity if the 
hydrocarbon portion of the molecule is so located in that molecule 
that it is vulnerable for metabolic attack or capable of interacting 
with other physiologic entities such as membranes. However, if the 
hydrocarbon is not so exposed and it appears as a perfluorinated com- 
pound, then its toxicity is greatly decreased. 

In general, the histopathological results suggest that for the 
promising compounds, tissue changes are very minimal in the mice 
sacrificed at 24 hours which received the 20% emulsion. Those 
sacrificed at two weeks or more regularly showed the most marked 
changes in the liver and spleen: 

- Liver: Vacuolated swollen liver cell cords. Degenerative 

changes . 

- Spleen: Marked histiocytic response with macrophages laden 

with "lipid” material. 

There were a variety of additional findings with kidney glomeruli or 
tubule changes, lung edema, brain cells swollen, etc., but the degree 
varied from animal to animal. The pathologist interpreted these liver 
and spleen findings as a "toxic" effect on the liver and a marked 
phagocytosis by splenic histiocytes of a lipid substance. 

For the toxic rejected FCCs, only occasional histopathological 
studios were justified. In mice with rapid early death (minutes), 
changes were always minimal, becoming more moderate in mice who 
lived long enough (hours to days) to develop tissue changes. 
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SUCTION V: CONCLUSIONS 


A total of 24 new fluorochemical compounds (FCCs) were synthesized 
by JI*L over the past 2 years for toxicological screening in mice by IJBTL. 
Three other compounds were screened but two were considered as "prelimi- 
nary'* and one, JPL-AB-35, was not a fluorochemical. 

Most I’CCs proved to be toxic, with only four out of the 24 proving 
nontoxic as assessed by the two biological screening techniques used. 

Those four FCCs, JPL-AB-6, -13, -14, and -32, are structurally similar 
with a small amount of hydrocarbon buried in the center of the molecule, 
stcrically hindered from enzyme attack. They were found to have been 
readily absorbed from the peritoneum; they produced no gross long-term 
toxicity; they showed moderate histopathological changes in most tissues, 
but usually marked changes in the spleen; and they were eliminated from 
the body at reasonable rates. Only limited pharmacokinetics could be 
done on three of these FCCs due to the small amounts of available 
compounds but they do deserve further detailed investigation with conti- 
nuation of detailed pharmacokinetic studies and eventual exchange 
transfusions in rats. A pilot "shelf life" study on .lPL-AB-6 seems to 
indicate that the compound is relatively stable at least over a 2 to 4 
week period. 

Of the toxic FCCs, compounds JPL-AB-10, -11, -12, and -29 were 
unstable as indicated by their release of [F*] and presumed concommit- 
ant toxicity due to fF] release. Some FCCs caused very rapid death 
and arc presumed highly toxic to some vital process f.IPL-AB-4, -S, -7, 

-12, and -18); these, in general, have more chemically reactive groups 
than the slower acting toxic FCCs. In some cases the animals injected 
with the neat fared well but died with the emulsion. Wc have hypothesized 
that their longevity and well-being is likely due to the slow uptake of 
the neat, not being as well absorbed as the emulsion form. Another possi- 
l)ility is that the emulsification process may alter the FCC in some way 
rendering it toxic. 

From a chemical structure standpoint, it appears that any fluoro- 
carbon-hydrocarbon hybrid has the potential of toxicity if the hydro- 
carbon portion of the molecule is so located in that molecule that it 
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is vulnerable for metabolic attack or capable of interacting with 
other physiologic entities such as membranes. However, if the hydro- 
carbon is not so exposed and it appears as a perfluorinated compound, 
then its toxicity is greatly decreased. 

Owing to the small amounts of the Test FCCs made available to 
us from initial synthesis, we were obligated to use them sparingly 
hut at the same time to clearly identify those FCCs that were signi- 
ficantly toxic or nontoxic. Retesting was often not possible. 

Also, because of the relatively small amount of test compound 
received, the protocol developed for screening in mice had to be 
adapted to each individual compound and could rarely be followed in 
its entirety. Flexibility in the application of the protocol was 
essential so that the tests selected would yield the most information 
for a particular compound. 

As a result of these contraints, the data we obtained is consi- 
dered presumptive evidence for the general conclusions we have drawn, 
showing trends that are similar for the four promising FCCs. In many 
of the studies, only one mouse could be subjected to a specific ana- 
lysis. These constraints account for lack of some refinements in 
the data presented .and our inability to satisfactorily resolve some 
discrepancies. We do recognize, however, that the data could not 
withstand statistical analysis at this time. 

Recomend.it ions . Additional, more comprehensive in-depth studies 
should be done on the four promising FCCs. This means that larger 
amounts of each compound should be resynthesized so that statistically 
significant numbers of mice could be studied to verify the encouraging 
trends noted in these studies. Such studies would assure that these 
I'CCs merit later more complex exchange transfusion studies in rats and 
large animals. 

Additional studies should include a more complete look into 
pharmacokinetics, oxygen solubilities and physical characterization, 

in some instances, tissue culture, mutagenicity testing, and blood 
compat il)i lity studies. 
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APPENDIX I 


1 . Abs orption Studies 

In preparation for testing the new FCCs to be received from JPL 
absorption of FCCs from the peritoneal cavity by the i.p. route 

required validation to support UBTL*s basic hypothesis that this 
would be an effective route of administration. The i.p. route for 
dosing mice, if it proved effective for systanic FCC absorption, was 
elected because the investigators felt that this approach would serve 
as a more reliable test for toxic effects which might be classified 
as biochemical in nature rather than those effects caused by mechanical 
or vascular damage which might occur when the emulsion is injected 
intravascularly. It also would allow for injection of the "neat" 
compound without emulsification. To implement this validation pro- 
cedure, UBTI. established: 

— Ucliable gas chromatographic techniques for biological 
testing of fluorochemical compounds using the commer- 
cially available FCCs, Fluosol-43* and FC-47. 


*The Circcn Cross Corporation -1/3, Camou-cho, .loto-Ku, Osaka, Japan, 
Available in U.S.A. through Grand Island Biological Company, Pine and 
Mogul Street, Chagrin Falls, Ohio 44022 
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— Reliable protocols for effectively dosing nice vis 
the intraperitoneal (i.p.) route with FCCs and eval- 
uating dose absorption. 

— Optinun peritoneal recovery techniques and tissue 
level assays to more objectively evaluate the effec- 
tiveness of I'CC absorption by the i.p. route, as 
monitored by FID-GC. The procedures developed for 
these absorption studies are described below. 

a. Gas chromatogi . phy. In the development of gas chromato- 
graphic analysis and solvent extraction procedures for quantifying 
the absorption of l■'(:-43 and FC-4? from the peritoneal cavity of 
approximately .3.3 mice, preliminary extraction experiments were 
conducted using the more uniform commercial Fluosol-43. This was 
used because of some difficulty initially encountered in emulsifi- 
cation of FC-47 with Pluronic-FbS** solution. 

The extraction of FC-43 from 1 ml of Fluosol-43 using 10 ml of 
l-lUiON- 1 13/cthanol (.3:1) in vitro gave a quite reproducible recovery 
response as determined by gas chromatography (coefficient of variation 
3-4#). The coefficient of variation of replicate standards was 2 %. 
Standard curves were carefully constructed with numerous points, in 
order to prevent error from non-linearity. Data on extraction 
recovery is shown in Appendix II as T.able I, 


‘♦BASF Wyandotte Corporation, Wyandotte. Michigan 48192 
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The tlcvelo|Mient of in-house sonication techniques allowed similar 
studies to he done with FC-47; subsequently, FC-47 has been used 
exclusively. 

h. Absorption Studies in Mice . These studies involved the 
injection of test fluorochemicals into the m<Kise peritoneum as a 
route of administration, so that problems associated with the intra- 
vascular route could be avoided. To verify that absorption occurs 
by the intraperitoncal route and to rule mtt the possibility that 
injected FCCs may be retained in the peritoneal cavity, a series of 
studies in mice were performed by injecting an emulsion of FC-47 with 
l’l-l’68. The FC-47 is the standard to which new FCCs were to be com- 
l>arcd. 

1) Uxperiments on Peritoneal Recovery. Initial experiments 
on recovery of FC-47 from the peritoneum were dene in live mice. How- 
ever, because of ongoing absorption from the peritoneum and consequent 
variability in residual FCC, it was decided to perform recovery experi- 
ments in freshly killed mice. In these experiments, the FC-47 was 
administered after the mouse had been killed with chloroform. The 
dead wjusc model represents "time zero" fr«» injection, with the mouse 
sacrificed immediately after inlection before any absorption could 
take place. 

Three peritoneal wash techniques were investigated in order to 
determine the technique that yielded the highest recovery and great- 
est reproducibility. Recoveries with two dose levels of FC-47 were 
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dctenlnoil (30 g/kg and 3 g/kg). Five Mice were dosed intreperiton- 
eelly (i.p.) with FC-47/P1-F/68) in etch of the 6 studies. 

The three wash Methods investigate! were: 1) Ifhole lK>dy peri* 

toncal wash' in which the peritmeiM was opened before shaking the 
whole MMise with the solveit» 2) perfusion of the peritoneuM, ai^ 3) 
rinsing tho open peritonem and viscera. The first uetlwid, the "whole 
body" peritoneal wash, ap^arod to be the best MethtKl since it yielded 
the highest recoveries (90% for high dose. 97% for low dose), and was 
the mo%t consistent of the three. Further details on -e recovery 
Methods are fwmd in Appendix li. "Dead Mouse Peritoneal Ber-ivery 
Methods." 

The "whole body" peritoneal wash was used to obtain the quanti- 
tative data for the "Absorption Kinetics Studies" which follow. 

2) Absorption Kinetics Studies. These studies were intended 
to detemine the rate of absorptim of FC-47 froM the peritoneuM. The 
dose (ployed was 80 Ml/kg of a 20% v/v MHilsion, a dose voluae that 
is approxiMstely equal to the total blood volume of the Mouse. After 
i.p. injection, mice were sacrificed at 1 Minute, and 2, 8 and 24 
hours. Those mice were subjected to whole b«iy peritoneal wash and 
absorption was iMplied by deteraining the recovery of FC-47 fr«B the 
peritoneal wash. Hive Mice were studied at each tine interval. The 
absorption curve is slw>wn in Flpire 1. 
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Figure 



In these studies the FC-47 content of the liver, spleen, and 
hlooU of all mice injected were also determined, to correlate their 
kinetics with the recovery (absorption) curve. A total of ninety- 
five tissue specimens were assayed for FC-47 by gas chromatographic 
analysis for this tissue recovery study. This tissue analysis com- 
plements the peritoneal assay and a plot of the recovery values is 
shown in Figure 2 which should be compared to values in Figure 1. 

I'lu’ (!.(!. t i '^Mir analysis data is in Appendix II, Table II. 

Technical problems with the analysis of the blood samples in 
the "22 hour" mice rendered this part of the blood assay invalid. 

As anticipated, these data verify absorption of FC-47 by the 
peritoneal injection route in mice over a 22 hour period, indicating 
that this method of dosing mice is a plausible route for the new 
FCCs to be studied. 

c. l)istril)ution Studies . A pilot study on the distribution 
ul‘ the FCC, using l luosol-4.i and emulsified FC-47 as models, was also 
completed. The I'luosot -4.'i was given both i.v. and i.p. and the FC-d” 
only i.p. in rats. After one week, the brain, heart, liver, spleen, 
and blood were assayed for FCC by an FIP-CC extraction procedure 
similar to that of Yamanouchi, cL aJ- »197.'i *. Petectable 

i(uantitics of FCC were found only in the liver and spleen, the spleen 
having tlie higher content. It is of interest that the hepatic and 
splenic contents of l'C-47 given i.p. were lugher than those of Pluo- 
sol-IS given b) either the i.v. or i.p. route. This indicates the 
bioavailability of the l'C(.' emulsions prepared in this laboratory, 
and are in agroement with the absorption studies. 

* Yamanouchi, K., .Suzuki, A., lltsumi, I., and Naito, g. , "Determination 
of Per Fluorodu'inical s in Organs and Body Fluids by Ga.s Chromatography 
Chem. Pliarni. BiO I • (Tokyo) 22:29ob-71. 
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2. Screening Met hods for Candidate Compounds 

With the cstablishnent of reliable G.C. methodology and vali- 
dation of l-C-47 absorption from the i.p. route in mice, we developed 
protocols supported by these studies for screening the new FCCs to 
be received from JPL. 

a. Sample Management . Upon receipt of JPL samples for screen- 
ing, the samples are logged in, weighed and refrigerated. Some of 
the sample was retained for G.C. characterization if the compounds proved 
non- toxic. 

As a rule, all samples are prepared for animal i.p. injection 
after cmulsific.. '’n with P1-F68 by means of sonication in a CO 2 
atmosphere for 3 to • minutes. A 20% (v/v) emulsion was made usually 
with 1.0ml of l-'CC . 4.0 ml of PI-F68 solution (5.76% wt/vol in 
isotonic phosphate bufferj. 

I'rom our preliminary experiments, as well as available liter- 
ature, it appears that sonication* is the most effective method for 
the preparation of small volumes of fluorocarbon emulsions. However, 
sonication procedures may possibly produce toxicological ly significant 
levels of fluoride ion in the emulsions; therefore, we have purchased 
a fluoride ion selective electrode to monitor fluoride ion levels. 

If necessary, most of the fluoride can be removed with a simple water 


♦Model 1/150 with 13 mm O.l). probe, 150 watt sonic generator, Artex 
Systems Corporation, 275 Adams Boulevard, Farmingdale, N.Y. 11735. 
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extraction. 

Since the emulsions prepared for screening purposes 
need not be as finely emulsified as those used in intravenous injec- 
tions, suspensions of test FCCs have been sonicated at about 100 watts 
per cm^ for only 3-5 minutes, a time which generates minimal amounts of 
fluoride from most FCCs. 

h. Screening Tests. After the compounds were prepared for 
i.p. injection, ''Absorption Verification Studies" (AVS) were per- 
formed and were followed by "Mouse Toxicity Screen" (MTS) tests. 

Figure 3, "Protocol Flow Diagram for New FCCs" outlines the procedures 
a new candidate compound ideally goes through. However, this protocol 
could not routinely be adhered to in its entirety with every new com- 
pound because it was not always possible to produce enough FCC in the 
initial synthesis to do this. Therefore, decisions had to be made 
to adapt the protocol for maximal testing results. 

1) Absorption verification studies (AVS) . These were con- 
ducted as follows: Three mice for each compound were injected i.p. 

with 20*u v/v ‘emulsion in a dose of 100 ml/kg of body weight. They 
were observed continuously during the first half hour after injection, 
then at half-hour intervals for one and a half hours, and then at two 
l\our intervals up to 24 hours. (In the MTS, twice daily for 14 days). 

Not only w.as mortality noted but also changes in behavior, movement, 
responsiveness, appearance, etc., were recorded, as well as the char- 
acteristics of dying. Over 90 routine observations were made accord- 

* Or 30% w/v if the FCC was a solid (assumed density = 1.5) 
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ini> to a chock list. A suimiary of the types of observations is given here 
in Table 1 and the check-off sheet relating to these observations is 
in Appendix 11 as Table Til. 

The mice were sacrificed after 24 hours (unless they died earlier) 
and their peritoneal cavities washed for recovery of the compound. This 
liolpcd to establish whether lack of mortality, when it occurred, was 
due to lack of toxicity or lack of absorption. 

If the I'CC-t rented mice died during this 24 hour test, and the 
controls did not, then it was assumed the test compound was absorbed. 

After the peritoneal wash, one of the three mice was placed 
immediately in formaldehyde for later histopathological study and 
tlu' other two underwent whole body homogenization so possible metabo- 
lites could 1)0 extracted. To rule out any possibility that toxicity 
and death in these mice could be due to the emulsification process 
and tlie production of unexpected toxins, one or more mice were 
usually injected with the imemu 1 s i f i ed FCC if enough was left over. 

Three control mice were injected with the P1-F68 solution (5.76b). 

2) M ouse Toxicity Screen (MTS) . In some cases, when death 
occurred under 24 hours in injected mice, a special Mouse Toxicity 
Screen test was performed at two dose levels reduced from the initial 

maximum dose of 100 ml/kg body weight. Three mice would be injected 
with 10 ml/kg and three with 1 ml/kg to assess the general nature 
of tlie toxic response basing the assessment on standard observation 
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Table I 

Typos of Observations Made on Mice 


Behavior: exploratory, aimless wandering, nuzzling, wall-licking, 

staring, preening, scratching 

Movement: Waltzing, circling, shovel-nose, ataxia, writhing, paraly- 

sis, prostration, subconvulsive and convulsive, nystagmus, 
tail attitude and posture 

Respiration: frequency and depth 

Responses: foot withdrawal to pinch, touch sensitivity, startle 

response to hand clap 

Reflexes: Pinnal, lash, corneal, consensual light reflex, hind limb 
placing, grasping, righting 

Miscellaneous neurological: rotarod balance, inclined screen, tremors, 

muscle tone 

Miscellaneous: defecation, diarrhea, blood feces, miosis, mydriasis, 

photophobia, exophthalmos, blinking, conjunctival and scleral 
injection, corneal chemosis or glazing. 
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criteria for mouse toxicity testing. Hven though the FCC in question 
may eventually be rejected, results from these tests may possibly 
influence the chemist's approach to synthesis of future FCCs. 

Ff the mice did not die during the Absorption Verification 
Studies, a new group of three mice were injected i.p. with the same 
maximum dose of 100 rol/kg body weight and three with a reduced dose 
of 10 ml/kg. Further dose reductions were made when indicated if 
enough sample was available. The mice were observed for 2 weeks 
for death and/or toxic effects. This is the "upper" Mouse Toxicity 
Screen test shown in Figure 3. If a test compound passed this test, 
it was to be recommended for re-synthesis in larger quantity, emul- 
sification and in vitro blood testing before going to the more complete 
exchange transfusion (blood replacement) rat tests; these advanced 
studies were not begun this year as originally planned. 

It should be emphasized that this protocol was rarely followed 
through its completion because of the small amounts of compound avail- 
able for testing. The tests in this protocol were selected that would 
yield the most information for that particular compound. 


APPENDIX II 


1. Gas Chromatographic Analysis of Fluosol-43 and FC-47 

2. Dead Mouse Peritoneal Recovery Methods 

3. Absorption Kinetics: g.c. tissue analysis 

4. Standard Protocol for Observation of Toxic Mice 
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All gns chromatograph injections ivere 1 p.1. 


Dead Mouse Peritoneal Recovery Methods 


lnitiull>% three methods of washing the peritoneal cavity after 
inject ion of a i'C-47 suspension were carried out to determine which if 
any of the wash methods might be suitable for recovering unabsorbed PC 
from the peritoneal cavity. Freshly killed mice were used in order to 
reduce the pussil>llity of transport of injected material out of the 
peritoneal cavity, thereby increasing possible variation observed among 
washing procedures samples. Tost groups consisting of 5 mice each were 
injected with a high dose (2.0 ml FC-47 suspension per mouse, I.P.) or 
a low dose (0.2 ml rC-47 suspension per mouse, I.P.) and then a given 
wash procedure was used on those mice. 

The procedure which appeared to give the best overall precision 
(C.V. 0.05) entailed placing the injected mouse in a polyethylene bag 

(Whirl-Pak) and carefully opening the .abdominal cavity with a longi- 
UidLii:ii incision and then a lateral incision to facilitate exposure of 
peritoneal cavity to extraction material. After the above process was 
completed, 2.5.0 ml of Uthanol/Freon 113 1:5 was added and the bag was 
scaled by rolling the top of the bag. After shaking the bag with mouse 
and solvent by hand for two minutes, the lower organic phase was drained 
fi •om tile baj', and placed in another polychtylenc bag with 40 ml of 
distilled water and shaken for one minute by hand. This second extract 
was necessary to remove the ethanol from the Freon 113. Finally, the 
l i’eon 113 phase was removed and placed in small vials which were frozen 
at until analyzed by gas chromatography. 

The other two wash procedures were: I) Perfusion of the peri tonou::i 
• Hid 2) open peritotieal rinse. The precision of these nethods varital with 
t h.- dose given and the Coefficient of Variability (C.V.) I'anged from 
O.OJ to O.Pl. 
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Stundai'U controls (no Mice) wore cstnblislicU in replicates of five 
in %hich cither 2.0 ittl or 0.2 mI of the PC*47 nuspenslon were added to 
.a polyethylene bug and extracted with 2S al of extraction solvent. The 
precision of these extractions was C.V. ■ 0.02-0.04. Using the control 
«n;.plcs to represent 100) recovery froa the polyethylene bag, the 
recovery of the high dose of FC-47 suspension was about 90) and the 
rvcvV.ory for the low dose was about 97%. 
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Aimh?ihIU; Ttbit 1 1. AhHorptton Kinetic StuJIcn; g.c. Tissue Analysis 
Recovery of PC-47* frtss Tissues of Mice Injected i.p. with FC-47 


Spleen 


Time 

FC>47/t tissue 


1 nin. 

50.08 

59.14 

13.78 



41.85 

36.21 

2 hr. 

17.25 

16.63 

27.49 

14.33 



5.44 

16.23 

7 hr. 

.36.63 

27.91 

29.80 



50.41 



19.99 

32.95 

21 hr. 

2.48 



57.29 

29.89 

21 hr. .30 min. 

78.61 

3.16 



86.10 

55.96 

22 hr. 

72.20 

115.89 

130.70 

133.67 



77.92 

106.08 

Combined 21, 21. S, 

22 hr 

75.80 


Liver 


Ti«i* 

I min 


i 

I 

2 hr 


nI£:.i2IlLSJ ss uc 


X 


15.05 
30.87 

19. 05 
17.48 

36.82 

4.83 

S.42 

10.77 

2.8S 


Offl&NAL 

^ ^OOft 


21.36 


IS 

q: - 
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Standard DevUtion 
15.66 

7.87 

n.42 

38.76 

45.88 

29.17 

46.06 

Standard Drviation 
6.37 


12.14 


14.11 



Appcnuix: luiiic It. (.continued) 


I.ivcr Tissue (cont.) 


Time 


fig FC-47/g tissue 

X 

7 hr 


15.03 

18.50 

22.47 

16.59 

39.17 

22.35 

21 hr. 


9.11 


» 


2.89 

6.00 

21 hr. 30 

min. 

29.80 
1.46 
3 .53 

22.26 

22 hr. 


36,54 

53.78 

66.72 

41.03 

58.66 

49.35 

Combined 

21, 21.5, 

22 hrs 

32.55 



Blood 


Time 


/ig FC-47/g tissue 

X 

1 tnin 


86.98 

54.28 

66.25 

104.78 

78.07 

2 hr 


18.80 
29.20 
87.63 
29. 70 
31.17 

39.30 

7 hr. 


46.79 

56.81 

11.90 

105.46 




42.45 

48.68 

21 hr. 


0.37 

89.96 

45.17 

21 hr. 30 

min., 

0.51 

0.00 

154,85 

51.79 


Standard Deviation 

9.80 

4.40 

18.24 

9.92 

21.65 

Standard Deviation 

22.35 

27.46 

34.50 

63.35 

89.26 
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Appendix: Table II. fcontimied) 



HUmhI (cont.) 



Time 

tig FC-47/i? tissue 

X 

Standard Deviation 

22 hr. 

140.79 

97.16 

246.13 

161.36 

76. S8 

Combined 21, 

21.5, 22 hr 

91.22 

88.92 
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Appendix: Table 111. Standard Protocol for Observation of Toxic Mice 

PHYSICAL KXAMINATION 

mi) OBSl-RVATION OF MICH IN TOXICITY TESTING 


MOUSE NO. 

Date 

Time 


Activity 

Dec exploratory activity 
Inc o.xploratory activity 
Jumping 
Huddling 

Bizarre reaction 
Circus movements 
Aimless wandering 
Backward movements 
Waltzing 
Nuzzling 

Licking Coinp.irtment walls 
Shovcl-nosc movement 
Gl.'issy-cycd stare 
Circling movements 

Phona t ion 

Inc plionation 
Dec phonation 
Al)nornial phonation 
Sensitivity to pinch of hind foot 
Increased 
Decreased 
Ana Igos i a 

Sensitivity to hand clap 
Increased 
Dec rea Slid 
No reactivity 


n 
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AppcnUix: Tabtc Hi. (continued) 


6. Sensitivity to touch 

Increased 

Decreased 

Pinnal reflex depr 
No pinnal reflex 

7. Social interaction 

Ii.c rearing 
Inc speed of rearing 
Dec rearing frequency 
Dec rearing height 

6. Abnormal tail 
Rigid tall 
Straub tail 
Ump tail 

9. Aggressive behavior 
Increased 
Decreased 

10. Ataxia 

11. Convulsions 

Tonic convulsions 
Clonic convulsions 
Mixed convulsions 
Sub-convulsions 
Sub-convulsive movements 
Audiogenic seizure 

12. Muscle tone 

Inc muscle tone- limbs 
Dec muscle tone- limbs 

13. Paralysis 





r.r ]~nTT'i i u 
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Appendix; Table III. (continued) 


14. Somatic I'esponse 

Inc preening 
Dec preening 
Rubbing nose 
Inc scratching 
Uec scotching 
Writhing 

15. Postural reflexes 

Hind limb placing reflex depr 
Hind limb placing reflex absent 
Grasping reflex depr 
Grasping reflex absent 
Righting reflex depr 
Righting reflex absent 

16. Prostration 

Prostration 

Loss of consciousness 

17. Tremors 

Tremors at rest and in movement 
Tremors in movement only 

18. Exophthalmos 

19. Eye irritation 

Eye opacity 
Blinking excessively 
Iril i s 

2fl. Corneal reflex 

Corneal reflex absent 
Corneal reflex depr 
Lash reflex absent 
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Appendix: Tahlo III. (continued) 


21 . 

22 . 


23. 


24. 


25. 


Lacrifflition 

Nystagmus 


rmTm rrrrn i i 

III 


Pupillary light reflex 
Absent 
Depressed 

Photophobia 


Pupil size 
Mydriasis 
Miosis 


26. Defecation 
Increased 
Decreased 
Diarrhea 
Blood in stool 
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Al’PliNDIX III 


Memorandum 
Summary of 


from NHI.BI, "Choosing the Most Desirable Fluoro- 
carbons" 

Studies in Response to Memorandum 
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IVUiMUKAiN U U M 


l>hi'AKl'M£NT Oj-‘ IIEAI.TII, EDUCATION, AND WELFARE 
rUUUf 'EALTIf SERVICE 
NATIONAL «. . riTUTES OF IIEALIH 
NATIONAL MEANT, LUNO, AND SLOOP INtTinm 

TO PMrticipuitM in FluorocMrbon Projaat DATE: April 14, 1978 


FROM i Chief, Blood Besourcea end Trenaplentation Branch, O0OR 


SUBJECT: chooait^ t/M Moat Deairable Fluorocarbtma 


4j»h/ 

On AifpisF 13, 1978, at Atlantic City, Netf Jeraay, a group of repreaentativea 
from the current fluorocarbon project met to diaeuaa tin beet candidate 
compounda for continued production in a new initiative, ^evera^mMSera 
of th e group felt that theu t^re aot readu at thia time to declare 
apecific compoimsta, kather, time waa apent in developing a Hat of 
Criteria by h'lic/i t/>e beat compounda would be judged. Theae criteria 
are aa followat • 


1. ^^^^/gen^^go^ibilit^ Thia ahould be in the rajiga of 35 to 50 volumea 

percent. 

2. Toxjci^. Thia should be judged by tissue culture and a nimal injection 
of tim unmodified material (animal injection would be intraperitoneal) . 
Intravenous replacement studies, in the form of an emulsion, may be 
done but rigorous data with this type of testing would not be required. 


3. 


4. 


Dwell time. No quantitative measures were agreed upon, but it was 
thought that minimal residual should be present after one year. 


The compound should 





5. Emulsion stability . 



3 

I 


J 

I 


a. Use of a nontoxic stabilizer should be possible. 


b. The material should form a nontoxic emulsion when given intravenously. 


c. The emulsion should be stpble on the shelf for o ne to two months 
and for a short period of time (? several hours) when mixed with 
physiological solutions. 


I 

I PRECEDING PAGE BLANK NOT RLMED 
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6. Vapor prossure . The vapor pressure of the cos^und should be such 
CMC zt aoes not interfere with the respiratory function of the 
recipient, 

7, The compound mist be alreadu sunthesised ar^ latoe^meale production 
should be jiracCicai. 

It was further agreed that muabers of the current project would respond 
as sotm as poasible with any candidate oompounda and would be prepared 
to respmtd more definitively at a smeting of the grmip to be shceduled 
in late June. 



Addressees: 

Dr. D. Lawson'y' 
Dr. R. Geyer 
Dr. R. Moore 
Dr. L. Clark 
Mrs. L. Clark 
-Dr. J. Fratantoni 
-Dr. D. Therriault 
m Dr. R. Landaburu 
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CANDIDATE 

HYBRID FLUOROCARBON ARTIFICIAL BLOOD COMPOUND 
JPL-AB-6 

l,3-Di (NONAFLUORO-t- BUTYL) PROPANE 
(CF3)3C-(CH2)3.C(CFj)3 

^llVlB “ 480.13) 

Calc. C 27.52% Found C 27.64 
H 1.26 H 1.35 

MP 32 refractive glass*like prisiras fron methanol 

SUMMARY* 

Oxygen Solubility 

Calc. 36.7 cro^ 0-/100 cm^ at 25*C 

7 * 3 

Found 35.8 cm O 2 /IOO cm at 25’C 
Toxicity 

1. Tif.s ue Culture . Studies by Professor Geyer at Harvard Medical 
School indicate that JPL-AB-6 was non-toxic in his tissue culture method. 

2- Animal Studie s. Mice injected intraperitoneal ly (i.p.) with 
JPL-AB-6 emulsion for 24 hour absorption verification studies showed no 
immediate effects that differed from the control mice. These mice sur- 
vived without incident for the full 24 hours and, according to protocol, 
were sacrificed for peritoneal recovery studies- Approximately 5% of the 
fluorocarbon (FC) injected i.p. was recovered from the peritoneum at the 
end of J4 hours, indicating that 95% was absorbed during this time isee 
T;ible 1). 

*Data presented in the format suggested by NIH/NHLBI memo April 14, 1978 
as per meeting Atlantic City 4-15-78. 
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Histopathology studies showed essentially nonsal tissue patterns with 
only mild congestion. 

According to protocol, since the test mice survived the 24 hour test 
and were sacrificed, another group of mice were injected i.p. for the 
two-week toxicity screen, at the end of which they were sacrificed for 
assay of JPL-AB-6. A brief sunuaary of the findings related to this two- 
week study is described in the next section "Dwell Time". 

Dwell Time (Sojourn) 

During this two-week study, the mice showed no significant distress 
as compared to controls. After sacrifice, recovery of JPL-AB-6 from the 
peritoneal wash and from selected organ tissues of these mice indicated 
that essentially all of the PC had been absorbed. Furthermore, this data 
showed that nearly 80% of this PC had been eliminated from the body during 
the 14 days' post -injection (see Table 2). 

Histopathology studies in the two-week animals showed marked histio- 
cytic proliferation in the spleen, probably representing deposition of the 
PC here. Widespread degenerative changes, especially in the liver, were 
noted, suggesting the PC had had some toxic effect but one which may possibly 
be reversible. No striking inflairanatory reaction was evident. 

The above findings are encouraging because they indicate a reasonable 
absorption and a reasonable rate of excretion of the PC. Its duration 
in the body seems to continue long enough to be effective as a blood 
replacement, yet it appears to be excreted within a desirable time. 

Toxic Metabolites 

This fourth item regarding identification of toxic metabolites in 
the seven criteria addressed in the referenced memo above (see title page) 
has not yet been investigated by UBTL for JPL-AB-6 due to several con- 
straints involving, for example, the availibility of large enough amounts 
of this compound, contractual limitations (beyond scope) and the like. Ke 
do know, however, that there are no Freon-113 extractThle metabolites 
in this compound. 



Ewulsion Stability 

nils compound exhibits relative stability as an emulsified system 
suit^le for i.p. injection. Pleuronic F-68 is apparently an adequate 
stabilizer exhibiting no obvious serious toxic effects. However, in-depth 
emulsification studies remain to be done and will become important when 
blood replacement studies are to be considered. 

Shelf-Life Studies 

During the screening studies done in the first year of the contract, 
a trend was noted with some compounds that suggested the possibility that 
the new PC's may become more toxic with time. This was based on the 
observation that more severe reactions occurred in mice injected days later 
with a given PC when compared to those initially dosed. 

Enough JPL-AB-6 was available after the two-week studies to continue 
with "Shelf-Life” studies in a limited way. Mice were still alive at about 
1 month following the i.p. injection of both "aged" emulsion and "aged" neat. 
The ne.Tt was emulsified for injection after aging in that form. 

The emulsion was aged for about 2 weeks and the neat for 4 weeks at 
37®C, intermittently exposed to room air. 

Vapor Pressur e 

The measured vapor pressure of JPL-AB-6 is 2.0 mm at 30*C. The 
calculated vapor pressure is "v 4,8 mm. Both values are well below the 
40 to 50 mm upper limit suggested by Geyer and Clark. 
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TABLE 1 




24-HOUR ABSORPTION OF AB-6 



House f 

1 AROunt Recovered I.P. 

1 % of Injected 



125 29.79 mg 3.9% 

126 25.41 Rg 3.4% 


127 


51.45 Rg 


6.3' 


TABLE 2 

TISSUE CONTEHT OF AB-6 AFTER 14 DAYS 


Tissue 

Average 
mg/g tissue 

Average 
1 ^ organ 

% of Injected 

Peritoneum * 

— 

3.0 

0.4 

Liver 

27. S 

60.0 

7.5 

Brain 

0.05 

0.02 

0 

Blood ** 

2.2 

S.4 (estimated) 

0.7 

Spleen 

87.9 

76.8 

9.2 

Remainder of Body 
(inc. Blood) 

1.7 

38.9 

r 7 

TOTAL 


178.7 

21.8 ** 


* Average of 4 mice. The remainder of the tissue averages were done 
on 2 Dice. 

** Figures shown for "Blood" are also included in "Remainder of Body" 
and are not repeated as part of the "Total". 
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APPEiroiX I 

TISSUE CULTURE STUDIES WITH JPL COMPOUNDS 






APPENDIX I 


TISSUE CULTURE STUDIES WITH JPL DTOUNDS 


NO. 

CODE 

siTOJcnm roRMuiA 

VOLUME 

TESTED 

RESFONSr: 

GRcWiTp 

OF a-lLS 

VlABll.riY 



CF3CF2CF^CCCF3).- 

CMLl 

DAY 

1 DAY 2 

HAY 1 

DAY Z 

1 

JI’L-AB-15 

-ai^aisaia 

0.4 

90 

92 

99 

99 

2 


-CH ai-ai_QL 

^ .5 

0.4 

80 

75 

100 

100 

3 

JPL-AB-17 


0.4 

63 

40 

99 

99 

4 

JPL-AB-18 

-OH 

O.UOl 

17 

3 

99 

89 

5 

JPL-AB-19 

-oai3 

0.1 

8 

1 

72 

70 

6 

JPL-AB-20 

^CH 2 CH 3 

0.4 

89 

89 

100 

99 

7 

JPL-;\B-21 

-00)2012013 

0.4 

SS 

99 

99 

99 

8 

JPL-AB-22 

-0120012012013 

0.4 

55 

40 

98 

99 

9 

JPh-AB-23 

-NO • 

- 

— 

— 

- 

- 

10 

JPL-AB-25 

CCF 3 ) 30)2012-0012013 

0.002 

50 

8 

8 
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* PERCENT OF CONTROL 


(Performed h” R. P. Ceyer, Dept, of Nutrition, Harvard 
University ..eliool of Public. Health) 
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Pn^ram Siibniillnl 


jc Ntw Program 

~ RavlalORte i 
Program No. I 

HP-«7 Sorlat No. I 


NF-P7 Soiiai No. l 


ii 8i 0 17 I Ai Qi 0 iQ 1 a ?l 


Program Tllla 

UA(3triin« 1 or 2 


.U.C TrUiR, 


UN«0ft«AM 
m Titl* 


2IP.R.0.P . E.R.T.I . E.S. 


No. Of Slopa I 2i 2iA 1 
Catogory No. I 0i6iQ i2 1 

Calogory Norm I Pi H lY iS i 
Abalract- 7S word 



Tobla 


Terranova 


AdiPota Jet Propulsion Laboratory. 4800 Oak Grove Drive 


Pasadeita 


state Ca. 


■ Zip Coda _ 911 Q L 


Accaptanoa Clioleo: □ Pour Programa or a Two Progtama and 10 Mank carda. 


Submittal Cbaekiiat: Plaaaa uaa lha cliackllet balow to inauro ai^ittal of all Itia propar program documanlallon. 


'£ Program Submittal 
S Program Oaoerlptioii I 
51 Program Daacriptlon II 
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|x] Program Form(a) 
5] Magnalie Card (a) 
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Pnifiniin l)e«irri|illoii I 


Profit B«ttMei«n of nqrtieal PreparciM Iroa CiMaleal Scrueciir*. 


Comr i P y ta r tNaiw Tobia F. Tarranova 

aMraw <lac Fropulaioa Laboratory, 4800 Oak Grova Driva. 

Faaadaaa 8Ma CaUfomia 


ni03 


rronnm tTiiTirlp"iTi. timinni. Yartabli G4vaa Cha ehaaleal acrueciura of a fluoroehMieal, 

froup additivity eonatanca* ara atMad to ealeolata tha wargy of wporisatloa 

^Ey cal/nola) . aolar voIum (V ca^/aola) , aolublllty paraaatar (8^ eal^^^/ca^^^) , 

boiling point (T^ *C), aad aolublllty of oxygon gaa In 100 •!. of tha naat llguld 

at 2S*C. Tha partinant aquatlona ara: .. .i.. 

. li /AH. \“ TT 0-12.2497 

2.) V-S.1 ,-0..-. 


5.) Tj,*C- 


-8»tg^ - 4AfC~AH_)1** 


273.15 


A - 0.0724 
B - -17.17 
C - 5309 


6.) In X} - In xj- 


V,< - dj)** 


. J 42 ■ *•’ 


f " a. / 

- 592. J 


7. ) CB^ 0;/100 nl. llq. (X; H2.4465 x 10^) 

'^l 

8. ) Vj “ “19.85 + 15.90 In (opan chain coi^ounda) 

9. ) V 2 ■ “100.15 + 39.90 In AS^** (ring conpounda) 


RltliltWTl 


OpataUng UmHa and dtombiga Alwaya atart aach now axaapla with CSB 0. Thla onauraa that 
ragiatara and tha atack atart with a valua of xaro. 


This progrim nat aaan varrtiaa oMy -Hh raapaet M laa numafieal ammaM gnan in Program Oaaenpaon it. uaaf acedia ana uaaa 
thia proaiam maMriai AT HIS OWN RISK, in ratianca aoWly upon hia own inipaeiion ai iha pioaiani maiartal ana wiHieui rtlianca 
upon any lapraawMauen or aaKnptwn eonearnwg iha program maMrial. 

NEITHER HP nor the CONTRItUTOR MAKES ANV EXPRESS OR IMPLIED WARRANTY OP ANY KINO WITH REOARO TO THIS 
PROGRAM MATERIAL. INCLUDING. BUT NOT LIMITED TO. THE IMPLIED WARRANTIES OP MERCHANTABILITY AND FITNESS 
POR A PARTICULAR PURPOSE. NEITHER HP NOR THE CONTRIBUTOR SHALL BE LIABLE POR INCRJENTAL OR CONSEQUEN. 
TIAL damages IN connection with or arising out op THE PURNISHINQ. USE OR PERPQRMANCE OP THIS PROGRAM 

material. 
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Iser liiMrurlkNis 


PHYSICAL PR0PERTIES-CHD4ICAL STRUCTURE 


iNSTRUCnONS 


Load i.gad.J!.. 

Ensure all, re alstera and stack ate satO. 

Input value of group. 

J nput V£ value of group. 

Sun into Rg and Into Rp. Conctnua until 
all and v< values representing the acructur 
al paraneters In the aolecule have bean aiamsd 
C4i£UiatS_ 






Calculate Ot solublllty/100 ml. of liquid. 


Misur 

OATA/UMTS 


II 


IfiSB I LIdl-I 

□ c “l 


oumiT 

OATAflWNTS 


P(torr 


[ pounds or 1 for cyclic compounds. 

I 4 et the On solubility of the compound hit R 


0 or 1 


le 


Solubility Parameter (6^^ of compound. 
Point (Th) of compoun d. 

: Vapor Pressure (P) of compound 


R : 0., solubility of compound. 


r.: Heat of Vaporization (AH,.) of compound. 


Rjj En tropy of Vaporization (AS^) of compound. 
Ri: Partial Molar Volume of Oi (^ 2 ) in compound. 


Not used. 


Mole Fraction (x-%) of 0~i in liquid. 


Not used 


1 II 

I II 


■ ■M.a 

m 


Nut used 


Workins Reslster 


Workina Register 
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APPENDIX K 


A surface energy analysis of bioadhesion* 


0. H. KMibta 

Seitnet CutW, ftoekml/ InmmttiontI, Thoum Otkg, Ct S1360, USA 

•nd Jovm Moaeanin 

Jet PrapuMon Lsbormry. Cetifomit Inttitutt of Technology, Cetifomie, USA 
(deceived 30 October ISTS. revieed 14 December 197S) 

Thii rtport tpplin rteantly d«valop«d Mrfac* •nargy m>0 treeuire mtcher..,., reiationt to tht 
analyiit of bioadhnton «td biocompatibility. Tha diiparMon a end polar d ccmponanti of 190 
biological and implant turfa^ ara anrtyiad. Tha Mrfaea anargatici raiattont batwaan bioadhaiien 
and bioeompatibitity point out tftat a itrongty adaorbad platma protain film on tha implant turfaca 
providH tha bait blood compatibility and low thrombogamc affaeti. Tha lurfact anargy ralationi 
provida mtant of tal acting optimum implant turfaca propart iai and mapping on lurfaca anargy dia- 
gram! tha thraa phase intaractiwti which dafina bioadhaiion. 


INTRODUCTION 

A numbar of literature refioiti itocuitient the general progren 
in development of biomaterials and surface treatments de- 
signed for application in cardiovaicular devicef ' Tlte 
interfadal interaction of biopolymeri with blood remains 
as om of the central problems in estabiiihini btocompatibi* 
lity of cardiovascular devices*, The exposure of Wood to a 
foreign surface produces a ccmplex sat of concurrent and 
sequential events which appear to correlate with the disper- 
sion (London^) and iwlsr (Keatom-p) eimipommi of 
surface tension for the implant material. Baser and cO' 
workers'~’have reported detailed studies of contact angle 
measurements of well characterized liquids on biopolymer 
flirfaces- Diesa measurements and surface ene^etics analy- 
sis follow the methodology and definitions of critical surface 
tenWtm tf for wetting of a solid substrate developed by 
Zitmatt a^ coworkers*. 

Mote recently. Nyilss and cowotkert'”. have demonstrated 
that the wettabUity data of Bawt and coworkers can be 
utilized in defining the diqiersion and polar components 
of sdid surface tension for candidate implant Nrfaces- This 
report of Nydat and coworkers also descnbes new lemt- 
^lantitativc relationt between Wood flow, imWant surface 
energeiics, and thrombosis. The analysis utilized by Nyilas 
and coworkers to isolate the dispersion and pWar properties 
of implant surfaces follows defiiuiions and calculations 
devdoped and extensively applied by KaelMe and cowot- 
kers"~**. The surface energetics analysis of Kaelble and co- 
workers has recently been extended'* to deflne the relations 
between surface energetics and the Griffith fracture mecha- 
nics criteria for qiontaneous interface bmiding and debwtd- 
ing under consitions of combined liquid immersion and 
a^ed mechanical stress. 

■Hus paper discusses the results of applying the new sur- 
face energetics enteron of bonding and debonding for im- 
proving the quantitative definition of biosdhetwn and to 
clarify the relationship between biosdheaon and biocom- 

* Prtieiiteil at the Ftrii Cleveland Symponuin un Uacromoiecuiei, 
Structure and Ptoperiiet at Biopolymeti. Case Wetiern Rewrve 

UMvetiiry. Clevel^. Uhu), USA. OciulHt 


patibility. TheM new surface energy relatiiMis now permit 
mapi^ng the zones of bonding, termed wcttabflity envdopcs 
on surface energy diagrams of dispersion a venut polar d 
components if surface energy. These surface energy o yrrsus 
ddiagrms peimit paphk presentation of the surface pro- 
perties and zones of bonding and debonding for the three 
phases which constitute the mierfacial bmindaty m the bio- 
compatibility anWysts. 

SURFACE ENERGY ANALYSIS 

The general cimcept for regular adsorption bonding of inter- 
faces utilized in this diKusutm is wmmarized in the follow- 
ing relation for interfacial tension": 

Tii ■(Or ♦(A -d/)‘ ♦ (I) 

where the para.-neters are defined in Teb/e / aiui subscripts 
denote interactions from phase r and /. Interfaces dominated 
by Van der Waal's mterKtions are termed regular mterfaca 
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and the viJuet of the etuMi term of equation ( I ) which 

^tcrilMt InmdMiriai f» i<8iic-«ovy«M interacUont can 
be cottM^fcd ne^^bk. Iltii ii a intKh mote pnerd cm 
than om iitt|hi «ipcct ai^ pemrin a^Uca^ of lurfacc 
energy analyiu to a wide r.'ui|c of materiala. When A,y • 0. 
equation ( I ) deftnti an ideal tnivr'ace with ■ o ai ik: 
tpecial caic where Of ■ Oi and di ■ 

The ipeciai combtn«ior< of turface energy and fracture 
mechanici parametera which enter the modifkd Cnfflth re- 
lation are defined in faWe 2 and ihow that the Griffith frac- 
ture energy yc k defined by the foilowlng relation: 

yg,.2»R2.Rl (2) 

• 

A circular parabola in yc . oj. dj Carteatan apace if del'med 
by equation (2). The lurface encrgief a; and Hi for the 
ttnmeriion phase 2 which provide the condition R<Rq pro- 
vide! that the spreading coefficient Sj for phase 2 is posittve 
with Si > 0. The predicted consequence for 5i > 0 is that 
|4iue 2 should spontaneously debond phase I from phase 3 
in the absence of rheological restraints. When R <Ro th* 
Gnfflih fracture energy becomes positive and a critical 
mechanical sireu Og which depends on yc (sec Tailt 2) is 
now required for crack extension. 

The relations of Table I and Table 2 form the baau for 
designed experuaents which isolate the dkertte mcchaniamt 
of p^ar and diapersiofl interaciiont across interface. The 
test liquids of Table 3 display a wide range of polar charac- 
ter tn lurfacc tension with iiioi • 1.53 for water to ft/pf • 

0 for linear hydrocarbons liupection of equation fe) in 
Table I shows that using measui sd values of work of adhe- 
sion Wg by contact »iglc messurementi for liquios of known 
Of and ^ permits isolation of the solid -vapour surface pro- 
perties Of and The intercept of the plot of W^IZoi eermt 
di/or isolates a, as the intercept and iS, as the slo^. An al- 
ternative method of compuieruid determinant solutions 
of equauon (d) ( Table /) has been dcfcrtbed and exiensivcly 
applied which solve for svericed values of y,f. yP and y,, 
their respective standard devtaiioiis 1 5<f. Sp, mfi from 
mean values" ” 

In this study contact angle data where 9 > 0 ind W, < 2y(r 
published by Baler and cowerkers*^'' to combined with ihe 
liquid surface tension data of Td>le 3 tn the compuiertoed 
deteim inant cilcuiaiions for y,i, y^,y„ and t i*^. bP. and 5. 
The surface energetics of 1 90 biological and irnpianl surfaces 


were analysed and the results summartoed as values of a, • 
iy,i)^'^ and ^ and the percent standard deviation 

(f X IOO/y,r) of y,f in Table 4. The surface number sequence 
of Table 4 correlates with the appearance of the original 
expert mental data in tiw referenced llicraiiuc to facilitate 
ease of cruu reference. The reference articles and reports 
cover an important six year period of biomaierials d^elop- 
ment and testing from 1970 through 1971. 

Surfaces no. I and no. 2 of Table 4 repretent important 
btolofical surficas and the tllusirailve results of the surface 
energy analysis are graphed in Tigun 1. F^rt lb shows 
the wettabttly data for human fibrinogen thin fUm as de- 
fined by equation (e) of Tabl<' 1. The solid iineai curve of 
Figure lb graphs the computer calctkated average values 
79* 24 6 and « 13 5 dyne/cm while the broken curves define 
the standard deviation 8^ ■ tO.7 wd ■ tO.9 dync/cm. As 

shown in Figure lb the experimental values of Wgllai form a 
reasonably linear curve which conforms well with the theory 
of Table I and the computer soluUont. 

The data points and linear curves of Figure la show the 
larger uncertainty in o, and S, values for vein mtimal surface 
no. 2 of Table 4. Referring to the discussion of Biier ei al ' 
it if evidani that ihif airface to toft and defomabie, the 
experiment complicaied, additionally poftible tnierdiffuaion 
m^iflet the contact angle data for water and glycerol. At 
shown ui Figure la. thii maiysii permits Isolation of a low 
dispersion and high polar surface energy fat the vein imimal 
surface. Considering the hi^y hydrated state of the vein 
imimal surface, it to to be expected that tht vein turface 
properties a • 4.42 (dyne/cm i*''^ and d ■ 6.18 (dyne/em)*/^ 
are closely similar to the surface tension properties of water 
where a ■ 4.67 (dyne/cm)'^^ and d ■ 7,14 (dyne/cm)‘^^. 

Available literature referencei'*-" describe the surface 
tension of blood plasma aa equivalent to laiinc solution with 
suffice tension ■ 72 to 74 dyne/cm, which is essentially 
equivilant to pure water with yj, • 72.8 dyne/cm. Furthet 
studies may show that surfactant effects of blood piasma 
coattitiienu can produce variable values of d{ with nearly 
const.'uit cq in which d/ • 7.14 (dyna/cm)*^^ represents a 
maximum value. This result has been described by Kaeibie'* 
for aqueous detergent solutions above the critical miceile 
coflctnuation. For this dtocuttton, the surface prwerket of 
pure water with o; * 4,67 and d( ■ 7.14 (dyne/cra)"^ are 
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Bafetenee 

Surtaee 
no, 4 

SurfSM 

a 

Idyna/em)*'* 

(dyna/em)‘^ 

tOQ& 

7 

lit 

AVC0THAN6 twUaofl. eutitdt Htrlaev, at ranivtd 

4.44 

1 36 

3.09 

7 

IS2 

AVCOTHAN8 MMon, outliUa wrfaca, aftar latisiw test 

4.48 
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PiUyflveina east from dt^rtereaeaiie acM, dittillad water teaOi 
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3.n 
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P«yU.-a)Mtnal e«t frwn OCA at praMtU 

4.87 
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1838 

7 
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Pelvit-aiwiuiat film cNttiilaU waiw laaelwd 
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7 

19S 

nUv(4-aMiiwl film npltaO weiw leaehad 

S.95 

3.74 

2.e& 

7 
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CiaM tifiefl pWia 

4.49 
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• 61 

7 

t98 

Taflm plaia Mtar 9 mifl ceniaci iMiman nlsfma 

4.74 

i.n 
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IBO carbon film on GE prbm No. 43 
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takoi u the analogue for the surface properties of Mood 
plasma. This assumption sets forth the proposition that 
protein mt^ecolar segnwnts fjdase 1 ) are competing with 
the water molecuJes of blood plasma (phase 2 ) for bonding 
sites on the implant surfare (phase 3). 

Ihe surface en^ pn^rnttes of ^rint^an, vein intima, 
can be graphically displayed on a surface energy diagram of 
a Venus $ as shown in Figure 2. This diagram also locates 
the surface tension properties of water (*blood plasma) 
and graphically displays the dose relation between the vein 
intima surface property and those of water. Inserting the 
ai^ropiiate values for a and 0 into e^tion ( 1 ) for ■ 

0 one calculates an interface tension fii ■ 12.1 dyne/cm 
betwMn Mood and flbrino^ as compared to a much lower 
vMue of 7 ^ * 1 .0 dyiw/cm between the vein intima nirface 
ud water. The vein surface thus provides a much closet 
approadi to »i ideal interface where yii ■ 0 than does the 
fibitnogen dm. 

nOADHESKMd AND BKXOMPAnBIUTY 

Substantial evidence*'' now shows that the first event that 
follows the exposure of blood to an implant material is the 
adsorption of plasma borne protein which covers the implant 


surface. This adsorbed plasma protein film diould modify 
die HirfKC energy of die imfdant so as to lower ia inter- 
fKid tensimi to Mood plasna. From equation (1) the 
specific set of interfadal tensions betiwen the implant 
(phme 3), blood plasma (phase 2) and adsorbed (damia 
protein fdm (phsM I) are started as follows: 


>12 *■ («1 - 1*2)^ tfl - 02)^ 

(3) 


(4) 

723 ■ (<*2 - «3)^ 2 - AsP 

(5) 


For adsorbed ;dasma protein (phase 1) to spontaneously dis- 
place blood plasma (phase 2) from the implant (phase 3) the 
spreading coefficient S, for phase 1 must positive. The 
fdiase I spteaibng coefflcient is defined as: 

^1"T:3-7U-T12 (6) 

As shown in etpiation ( 6 ), protein adsorption is favoured by 
large values of 723 . r\s shown in equation (S) a large mis- 
match in Imfdant surface properties oj, ^3 and blood plasma 
02 d.67 , 02 * 7.14 (dyne/cm)*/2 is seen to increase 723 
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SurhK$ ttmtir tn^vtit ^ 0, H, Moieaim 



filur* I Anttyiie definition of luflKe ttnuon piopertitt of 1*1 
«*in inlimal turfac*. do^tiwrfte* } of r«M» di, • 19.5 1 2.6; 

W * 38.2 I 9.5 dyn* cm;a ■ d.42;d • 6.18; (b) human libnnogm 
thin film (turfan 1 of TaMf 41, yd • 2.46 t Q.7, ■ 13.5 t 0.9 

dyna/em. a • 4.96 j> ■ 3.67 


and enhance proietn adsorption. 

The compienientai> proposition in equation (6) is that 
minimum vdues of both inj and Tu also favour protein 
adsorption. Equation (3) ^ows that a minimum nusmaich 
in the surface properties ci| * oj and p'l ’■ jjj reduces ^Ij. A 
similar minimization of 71 j is obtained by achieving at •* aj 
and |l| « d| 3 as shown in equation (4), The present analysis 
of protein analogues, see surfaces no. 22-33 in Tabk 4, 
shows that the polar § pan of surface energy is substantidly 
vaned by solvent-polymer interactions and resultant poly- 
mer chain conformation. It is reasonable to presume that 
plasma protem will be adsorbed on an imi^ant surface with 
chain conformations which tend to mintmize both 713 and 
7)3 by spontaneous adjustnwnt of at and 0\ values in 'He 
protein film. By spontaneously nunimizing 712 and 7- *. 
the adsorbed plasma protein Him evidently performs an im- 
portant biological adaptation function. 

The physiochemical description of the plasma disfriace- 
mt and protein adsorption on the implant surface is analo- 
gous to 'pnming' as familiarly described in paint technology. 
Attachment of ^atelets with formatim of thrombus and 
subsequent thrombus release to produM embolum appears 
to be mediated by the protein prinm layer. Clinical tests 
of biocompatibiiity are briefly deKribed in the Appendix 
by tviro in vivo tests in common usan. The vena cava test 
developed by Gott and coworkers'^'* it limited to the 
detection of thrombus The renal embolus test, developed 
by Kusserow and coworkers'*'** detects both thrombus 
and embolism generated by thrombus release from the 
implant surface. Recent studies by Buer and coworkers' 
now reveal that implant surfaces with evident high thrombo- 


rettstance in the vena cava test are shown to be throntbo- 
pnk in the renal embolus test where inspection of the kid- 
ney reveals extensive Implant dam^. Tlw bidkattmti ate 
that tiK thrombus can form mi tlm imfdant surface and con- 
tinuousiy spell off to be carried and depo s ited in the kidney. 
Hw mid re^t is a lelatively thrombitt free infant nirfue 
that acts as a continuous embolus generator. Simple Inspec- 
tion of the im|4ant sirfa^ at the dte of implantation Is 
theiefoie not a suffldent test fm MoccmpatlMUty. 

A central iatm in a tevi»d dennitimi of biocompatibiiity 
can be related to the leHtlanM to itetachraent of tte plasma 
protein (Urn which 'primes' and biologically modifies the 
im|dant surfa». The modHIed GrifTith relations of fable 2 
pt^^ a quantitative means for evaluating the Grifltth 
energy ya required to detach the adsorbed protein film 
(phase 1) from the implant (phase 3) in the presence of 
Mood plasmi (pteie 2). The studks nimmaiiKd in Ikbk 4 
include surface energy analysis of implant materials before 
and after implanation. Surfaces no. 14-21 stu^d by 
Baier and coworkers’ furnish data for the calculations of the 
Grifilth surface energy yc, as summarized in TbMr S. 

Tl« calculations in Tabk S diow that the Griffith surface 
energy yg and related critical mechanical stress Oc decrease 
as the polar component di of the implant surface incteasea. 
The clinical rating of biocompatibiiity listed in the lower 
portion of Table j show a direct correlation between in- 
creased 76 and improved blood compatibility. The results 
of Table S can be mapped on surface energy <Hagrams of a 
versus d as shown in fifure J. Figure Jb for polished carbon 
defines yg with decreasing values of 76 in clockwise 
ditection to show surfMe cleaned ttettite 21 metal in the 
lower rl^t view as moat hi^y thrombogHik. Theairface 
energy diagrams of Figure S dtow the pMnta H, K defined 
in Table 2 as the origin of the R and Ro vectors which de- 
fine the Griffith fracture energy: 

76“/*- (7) 
as defined in Tabk 2. The magnitude of Ro which subtracts 
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:ii'm ■>,, IN ii'l.iifj tv' ilu' miMiuiv'li m miiI.ivv' piv'i’v'incN hvi- 
wv'vn impljiu (I'li.iM' !) .iiu! .ivInoiI'CvI j’li'ivm l.iwt ipli.iNf I ) 
(,'v'mriNvU the inamuuic oi A’ vshiiti .iviviN ii' in icl.iivvl 
li' ilu‘ iniNinjivli i'viNU'fii H. \ Aiuv-li vloniu'N .in .nir.iitfij 
prv'porU v'l the 1 ' iiUi'it'jvV .ind itu' Nv'v'vi pl.iNin.i (’Ii.inv 

-Vs stu'WM m I'jhii - m .ill vases the nuitmliivie v'l A‘- vlv'iiu- 
lUnlh vv'ulri'ls ilie nunmuivie v'l s,.- m ilie vAamples ^upli- 
evl m /■ f.i.T/rc '“ Vtie vlesipi ev'iKept tv'i I’lv'v'vl vv'iiip.iul'iliiN 
Jeserihed hs ev|iuiiv'ii (’) mev'ipv'ule.s ,i eeneul jrijiMneiit 
Ahiv'h details ihe i\'mpeiitiv'n heisseen i'U'v'vl plasma (phase 
and plasma piv'tein (pluse 1 1 ti'i I'v'iulini; sues v'li 'he ini- 
plain siiii.iee -V lii^li s,;. mdivaii'e vi I'h'v'd ev'inpatil’ilils 
lasvHiis I'v'th Ihe spi'iuanev'u.s tv'im.iliv'ii and siivne leteniiv'ii 
v'l the adsi'rt'evi piv'iein I'llni 

m.Si TSSION 

Die ptcsioiis tssn seelu'iis have hriells inlu'diived aiul ilhis 
ttaied ineilu'ds Iv'i aiu|s.sis v'l suitaee eiieiijN ,md I'U'-ivIliesiv'ii 
The vlet.iiled vliseussu'ii "t all lelevant aspects v'l the e\len 
.sive data Cv'iiipilalion in ■- ' hevi'iid the scv'i'e "t this 

hiiet lepi'tt Keviess nl /'..‘hiV -I in vv'iiiiinctiv'ii vvilh the e\- 
teiisive evpeiinientaliv'n and vlisvussn'n bv Haier and cv'- 
Av'ikers 111 the v'liitiiial leteteiKes' sIu'as ceiiei.tl aittee- 
iiient vsilh Ihe lesults ilhisiiated heie Aheiein a vViiihiiiatii'n 
v'l higli dispeisii'ii (vi) cv'iiihined with low (s') coiielales with 
higtl hlv'v'd coiiipalihilitv The ptev(nus section relates this 
result with the stroiie adsa'ipiii'ii and stable lelentioii v'l a 
plasma ptv'leni adsv'ipiu'ii laser v'li the iiiipl.iiil suil.ice 
It the viunn iiiiplani siiii'ace has a hiithlv pc'lar vli.iiaciei 
whish .ippii'.iches the values loi watet v'r hlv'v'd plasm.! the 
evamples show that the pn'tein l.uer is weakh adsi'rl'eu 
and held on the implant suit.ice In this latei case, the in 
compleielv covered iniplaiil wv'uld appear to .'peiate clt'i- 
cieiitK as .1 thrombus and embolus iieiierati'i 

Tills pieliminjiv applicativ'ii v'l suii.ive eneu;\ .iiulvsis 
and the modiried lliiH'ith criteria v't I’.thic ! and 
respcctivelv , is v|uile eriv-ourairini; N\ il.is and Cv'woikers'" 
have repv'ried a senes v'l siudies v't ihioinbiis Iv'iniaiioii 
under clv'selv cv'iitii'llevl t'U'od tlv'w coiuliiiv'its Within a 
jjiveii c.itegv'iv v't implant niilciials a Inch polai piv'i'eiiv 
Iv’t the inipl.iiil sniiavc is shv'wii to v.'iiel.iie with h'w ihiv'iii 


i'v’iesKi.inve toi a vtiveii shear late v'l I'li'v'd Ih'w llus lesiill 
.'I \v lias .iiiil cowoi Kcis"' IS in .ii(ieenieiii wiih ihe niv'dilievl 
i.iiiiuh aii.ilv SIS ,'i ciitic.il scie's I'l eiieicv Iv'ivlvboii- 
vliiie .u'plied 111 this lepv'it 

I'll!' .ivisv'i pill'll ilu'v'iv v'uiliiievi 111 .' .ind 

•viiil ii'plied 111 tills lepv'il vh'es iiv't dnecllv ne.it the ellvvts 
i" eidiei siiit.ive u'uchitess ,'i iiiteivlillusiv'ii eitv'vis lel.nevl 
iv' sv'I'v'lv lie inteiacliv'iis at lire inieit.ice kaelble ' has 
vlevelonevl the (heiniv'dv luiiiic evieiisiv'iis v'l .ivisv'ipiii'ii 
ihcoiv v'l inleit.ivC' tv' tie.ii bi'ih louchiiess and iiiieivlillu- 
siv'ii l"'e ellecis v’l niiv u'li'iielniess .ii the iitipl.iitl sinl.ive 
IS pv'teiil .'llv .1 di'iiiin.inl .ssue in siiil.ice eneieeiivs .it the 
imcii'libiv se.iltv'ld suitave iisVil Iv'i .inclu'iini; viabh' libio 
plasiiv ai'vi eiuh'ilielial cells tv' j'tv'duce a 'living' blov'vl v,'in- 
paiible suit.ive 

The .idsv'ipih'ii ihev'is is also ill ev|iiip('eil tv' vle.il vju.inli 
laiiveh with tune ilepeinlenl vhances in I'lo.iillu'su'n nisnu; 
liv'iii inieidiltiisioii ellecis Hu' l.iiiei ,'Oint is eiaptncallv 
e'ldeiii III the vl.ii.i sc.iiiei shown tv'i I'li'Oil vessel intini.i in 
t .'criec Ihe n.icii.il liniinas v'l bli'v'd vessels .iie liwliv' 
eels Sv nihelic liv do'e.'l V v'.niiie- v I'lisistnie -'t ; eoheienl 
ihiee vlinieiisii'ii.il ('olv n.ei nelvv .'i k v I'lit.iinine .i l.nee pn’ 
poilion v't water displ.iv pii'iiiise is ini|'l.inl suil.ives' \ 
iiiv'ie vlei.nlevl vlescni'iiv'ii v't the u'le .'I bolh .iiui 

..’.‘''.■eft',;’ w.nei on (he I'lo.idhesi.'ii v’t livilioirel sv'alines .iiul 
bii'lv'eic.illv vlei'i'snevl pi.'iein liliiis iei|iiiie use v-t .( voni- 
''Hied .idsi'iptii'ii inlv'ivi o.isio., , \ || iliei'is 

The nehl Ci'liiinn ol -I hsis (tie iH'iveni si.indaid 

vlevi.it ion lii'iii the tiieaii ( 1 ()0 .s s ,,' ) loi v onipiited aver ace 
values v't s^, v'li ll,^ )p sinl.ives e\ iniined. 1 liispl.iv 
st.invl.nil liev i.nioiis .'( less than ' . .iiul 1 '.s suilaves e.ive 
ilevialiv'iis less .tun l(' ■ The nusimuin siandaivl devi.iliv'ii 
Iv'i sv'livl No Idis.'ld’" 1 ante si.iiidaiil vlevialiv'iis iie 
‘tenei.illv lel.ileil tv' louehness and inleiililtiisiv’ii eltecls 
and le.idilv iilennlieil in li.it.i liispl.ivs .is shv'wn in / .ener 
linpiev ise \ .ilues .’t .i .nul .' .ne. o( . .'iiise. v in icvi ' .'t w.n vi 
iiilv' the V .llv ulativ'iis . | as pieseinevi in ' 
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Surface energy analysis of hioadhesion D. H. Kaelble and Jovan Moacanin 


CONCLUSIONS 

\s a rosull i<f ihis study, some coiidusions concerning the 
role ofsurl'acc encrgettcs in hioadhesion can he made as 
folll'WS 

t.-\l Surface energy anahsis is successt'ulh applied to 
det'me the dispeision (q» and polar |pl surface energies v't 
CH) biological and implant surtaces 

(B) These dispersion polar surface energies are intto- 
duced into fracture mechanics relations for htoadhesioii and 
hiocompatibilits 

(O These 'raclure mechanics calculations indicate that 
blood compatibilits of an implant is entianced bv sponta- 
neous absorption and strong retention of a plasma protein 
film on the implant surface 

(D) Higl; dispersion -low polar surface energy for the 
implant as exemplitied by low temperature isotropic (i Tf) 
carbon with a > o 0 (dvne cml* *, and d ^ 0 tdyne cm)* 
provide surface energetics favouring stable plasma protein 
t'llm retention 

(E) Low dispersion -high polar surfaces. tvpilTed by 
surlace treated Stellite '1 with a == s Otdvne cm)* - 

d > ' Otdvne cm)’ provide surlace energetics, appear to 
favi'ur weak adsorption and retention ot the plasma protein 
such that the implant mav commuously generate and spall 
otf emboli into the blos'd stream 

1 F) Tile present analvsis can be extended to describe 
the etfects ot miertace toughness and mterdiflusioti which 
represent dominant considerations in nturotibte scatlold 
suitases. livdrogel coatings, and biological intimal surfaces 
s'f the catdioi ascular sv stem 

The extensive listing of surface energies in 7ub/e J is in- 
tended to be used in coniunction with the referenced data 
sources. The main obiective in the discussion is to illustrate, 
bv examples, the usefulness of this surface energy analysis 
I see Figure /land the application s'f the analysis of spon- 
taneous bonding and dehonding (see ^gures 2 and d). 


Aax.NOWLMXn:MENTS 

The authors wish to gratcfullv acknowledge the cooperation 
s'l L. W f'lane in computations and data analvsis. Tins 
work was supported under Contract N.-VS’-lOO 


REFERENCES 

I Hau- 1 . R 1 . lluiti'n, R C and Cult. V 1 'Xdvanci-sml'v- 
jH-rimcniat Vtedicine and Bioloev ’ (ldS| Btanis). Plenum 
IXess. New Vork. Id'll, Vid pp yi.s 
f Haier. R t . t,on. X t and ' eruse. rrarrr !-'j..v'**( 
l-ro ini lUrani 1^70, tft. 50 

1 Haier R I and /isnian. W V VfacnmtoiVi u/er Id'o. 3. ’’tl 

a ttott. ' t and Haicr. R I PH 4.l-fi8-S44-C (puhtic dvu-u- 

ment available trorii the NatuMial re,.hnK-al tntormation 
Service. s;8y Pori Koval Road. Spnnglield, Xiiiiinia ”1511. 
Slav Idl.t 

5 twin. \ t and Haier. R f PH-4.1-ri8-84. Volume 3. ipuMic 
documenl available Iroin the National rechiiical Inlvvrmalion 
Servive. .sf85 Port Roval Road. Sprinirlield. Viiginu 321511. 
SepieriibrT Id'l 

h Haier R P . dePalma, V X . Coupil, 1) , Petlmuller. S , itoir. 
V 1 and O'Riordan. I tIB-.'-fdS.l-l, ipuhlic docuiiient avail- 
able Iroin the Nalional fechnical Inlorniatiori Service. 5385 
Poti Roval Road. Spnnglicld. Virtinia 331511. I ehriiarv Idis 


’ Haier. R E . Xliets, f , Perlmuiter. S . Ootl, V L and 

O'Riordan.) C.XLSPXN Report No WOb-EB-.sM'l-M-IR. 
prepared toi ihe RiomateriaU Program, Division ol llearl 
and Vascular Diseases, National Inslitule ol Health. National 
tleait and I ung Insiiiuie. Beihesda, Mars land 30014. I'S.X. 
March Id’b 

8 Htuck. S 1' Blood t'ompalible Sv niheiic Polvmets . Charles 
C fhoinas. Sprinalield, tu'd 

d /isman, \V X. '.Vdhesior and Cohesion', it d P Weiss). 

t Isevier, Vmsietdain. 14b3.p I '*b 
to Ns lias, f ,. Morion. W' X . c'uniniing, R D , Ledernian. D M 
and Chiu. r-H.Adi»i I’ffpr Id'S. 16, 165 
1 1 Ivaet'le. D H d Ufies Id'O. J.h6 

13 Kaeble. 11 H 'Phvsical t'hemisliv ot Xdhesion', Wilev - 
Inierscience, .New Votk, Idll.Chs 5. 1.1 

1-1 Ivaelble. D H SA MPFU |d’6. 7. 10 

14 Xlimaii. L P Ft'J Pmc hed 4m .Voc Biol IdM.JO. 

13 

15 Dusek, Iv,, Bohdectiv . M and Ptokapova. K '■'ur Polvm J 
td’4. 10. 3.1« 

lb Daelble. D It J \ppi /Wim 5'ci ld74, 18. 186d 

f Oort. V t . Ranis's, M D , Maiiai. f B. and Xllen. J I 

Able Arttuml Heart Pmerstp .'Uivd p 181 

IS Russeii'w . B , farrow . R and Nickols, ) Fed Rroe 
-Im .s'lii !\p Ihtd id''l.a0. 15lb 
|d Bruck. S D BU'i'd Compalibililv Sv ntheiic Pols met- 
t'harless' rhsunas, Springiield. Id'4,p87 

,\PPENDI\ 

(Toils' j/ U'sis for iiiplonl hiucompdlihiltlv 

I'cvid cdid test. Tins lest was sleveloped by Goti and cs'- 
workers'' ''’ Rings (length = o min. ami diameters o.d. = 

.8 mm and i.d. ' mm) with streamlined edges to prevent tur- 
bulence are fabneated from the test matenal or surface coat- 
ed with the test matenal. Implantation is made in the inferior 
vena cava of a to 10 4 dg deg. The nngs are inserted with 
a special device to insure noncontact with the atnal wall or 
contamination with tissue lluid dunng implantation. 

For jciite studies f2 h) the chest remains open. .At the 
end of the two hour period Ihe vena cava above and below 
Ihe ring IS douhiv clamped and the nng is quickly excised. 

The inside ol the ring is examined within a minute. The ex- 
tent and nature of the gross thrombus is recorded immediately 
on a standard ring chart. 

For e/trimie studies (T weeks) the same implantation tech- 
niques are used After implantation, the chest is closed and 
the animal maintained two weeks before sacrifice. The 
chest cavity is quicklv opened, the nng excised and examined 
for the extent and nature of thrombus and results recorded 
on the standard nng chart. In addition, there is a gross in- 
spection of the lungs for any pulmonary pathology and pul- 
monary emholae. 

Keriijl emhetus rest. ITiis test was developed by Kusserow 
and coworkers'" '*. .A ring (length = 10 mm. and diameters 
o d, = S.ti mm and id.*' mm) is implanted into the ab- 
dominal aorta of the test animal immediately above the 
origin renal arteries A construction is made in die aorta 
slightly below the ongm of the renal arteries so that over '70^ 
of the blood tlowing through the nng must pass through the 
kidneys. After an implantation penod of three to five days 
an autopsy is performed. The extent of surface thrombus of 
the ring is assessed by direct visual observation Embolism 
IS evaluated by direct visual and microscopic examination of 
both kidneys. The kidneys serve as efficient biological ac- 
cumulators for the embolic phenomena because the emboli 
produce reo'gnuable infarcts in these organs. 
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